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Abstract 
 
Ergonomic designs have positive impact on the end-user experience of any product. One of the main 
challenges is to accommodate a range of end-users, for which the concept of adjustability has been found 
to be very effective. The backrest in a forklift, for example, is provided for comfortable driving in the form 
of leaning/sitting postures. An ergonomic backrest has to consider the anthropometric variation in the 
human population to ensure optimum levels of comfort for everyone. This study provides a comprehensive 
methodology for developing an ergonomic backrest by combining the features of two different backrests 
and incorporating the adjustability concept into the design. Our study comprised of both, field and 
laboratory evaluations of the original and new designs for a variety of anthropometric characteristics (5th, 
50th and 95th percentiles of both males and females). Using the phenomenon of restlessness, discomfort of 
the user was associated with the amount of body movement, where we have used the motion-capture system 
and the force platform to quantify the individuals’ movements. The results of the field evaluation indicated 
that the new backrest improved comfort during both static and driving tasks by ~10% and 23%, respectively. 
The results of objective metrics showed a reduction in the mean torso and the maximum center of pressure 
change of locations by 300 and 6 mm, respectively, for the new design. Further, the change in movement 
during the trials as assessed by the deviation in center of pressure measure was decreased (12%, p-
value=0.32)  for the new design, compared to the increase of 47% (p-value=0.0078) for the original design, 
suggesting that new backrest performed better over time. Based on these findings, the new design was 
further improved. Outcomes of this study may facilitate higher comfort levels to a wide range of forklift 
operators using a new adjustability concept.  
 
 
 
 
iii 
 
Contents 
Acknowledgements ........................................................................................................................................ i 
Abstract ......................................................................................................................................................... ii 
List of Figures .............................................................................................................................................. vi 
List of Tables .............................................................................................................................................. vii 
A. Significance .............................................................................................................................................. 1 
A.1 Product Design ................................................................................................................................... 1 
A.1.1 Ergonomics in Product Design .................................................................................................... 1 
A.1.2 Anthropometry ............................................................................................................................ 2 
A.1.3 Interface Mechanics .................................................................................................................... 3 
A.2 Reach Forklift Trucks and the Product of Interest ............................................................................. 4 
A.3 Effects of Prolonged Sitting and Standing ......................................................................................... 5 
A.4 Human Balance and Sensory Systems ............................................................................................... 5 
A.5 Importance of Adjustability in Products ............................................................................................ 7 
A.6 Problem Statement ............................................................................................................................. 9 
B. Methodology .......................................................................................................................................... 10 
B.1 Product Development ....................................................................................................................... 10 
B.1.1 Product Design with Human Body Contours ............................................................................ 10 
B.1.2 Digital Human Modeling (DHM) .............................................................................................. 11 
B.1.3 Design of new backrest ............................................................................................................. 12 
B.1.3.1 Analysis of Current Design ............................................................................................... 12 
B.1.3.2 Concept Generation ........................................................................................................... 13 
B.1.3.3 Dimensional analysis and calculations .............................................................................. 14 
B.1.3.4 Creation of the Backrest Designs ...................................................................................... 16 
B.1.4 Fabrication ................................................................................................................................. 19 
B.2 Product Testing and Evaluation ....................................................................................................... 20 
B.2.1 Laboratory Evaluation ............................................................................................................... 21 
B.2.1.1 Participant Selection .......................................................................................................... 22 
B.2.1.2 Experimental Procedure .................................................................................................... 23 
B.2.1.3 Subjective Evaluation ........................................................................................................ 26 
B.2.1.4 Objective Evaluation ......................................................................................................... 28 
B.2.1.4.1 Stability Analysis ....................................................................................................... 28 
B.2.1.4.2 Motion Analysis ......................................................................................................... 29 
B.2.2 Field Evaluation ........................................................................................................................ 30 
iv 
 
B.2.2.1 Adjustability Concept Validation ...................................................................................... 30 
B.2.2.1.1 Design and Fabrication .............................................................................................. 31 
B.2.2.1.2 Evaluation Procedure ................................................................................................. 32 
B.2.2.2 Validation of New Backrest Prototype .............................................................................. 32 
B.2.2.2.1 Design and Fabrication .............................................................................................. 33 
B.2.2.2.2 Evaluation Procedure ................................................................................................. 34 
B.3 Statistical Analysis ........................................................................................................................... 38 
C. Results .................................................................................................................................................... 39 
C.1 Evaluation of Proto-1 ....................................................................................................................... 39 
C.2 Created Backrest Designs ................................................................................................................. 40 
C.3 Laboratory Evaluation of New Design ............................................................................................. 41 
C.4 Field Evaluation of New Design ...................................................................................................... 46 
D. Discussion .............................................................................................................................................. 48 
D.1 Laboratory Evaluation ...................................................................................................................... 48 
D.1.1 Mean Velocity of Center of Pressure (COP) ............................................................................. 48 
D.1.2 Max COP Deviation .................................................................................................................. 49 
D.1.3 Total Distance ........................................................................................................................... 50 
D.1.4 Max Range ................................................................................................................................ 52 
D.1.5 Comfort Ratings ........................................................................................................................ 52 
D.1.6 Subjective Evaluation................................................................................................................ 53 
D.1.6.1 Reach-2 Backrest .............................................................................................................. 53 
D.1.6.2 Reach-3 Backrest .............................................................................................................. 54 
D.2 Field Evaluation: .............................................................................................................................. 55 
D.3 Limitations ....................................................................................................................................... 55 
D.4 Final Design Recommendation ........................................................................................................ 57 
D.4.1 Future research opportunities .................................................................................................... 61 
E. Conclusion .............................................................................................................................................. 64 
F. References............................................................................................................................................... 66 
 
 
 
 
 
vi 
 
List of Figures 
 
Figure 1: Types of Reach Forklift Trucks with their respective backrests ..................................... 5 
Figure 2: Stabilogram comparison during open eye and all systems impaired conditions ............. 7 
Figure 3:Flowchart depicting method for creating ergonomic products using data acquisition 
techniques ..................................................................................................................................... 11 
Figure 4: (a) Reach-1 and (b) Reach-2 Backrest models in a CAD environment ........................ 12 
Figure 5: Comparison between design of Reach-2 and Reach-1 backrests, seen in top view ...... 13 
Figure 6: (a) Forklift Cabin with Reach-2 backrest and (b) CAD model of Reach-2 Backrest ... 14 
Figure 7: Method for contour plane extraction of back-resting surface from original design for 
the creation of Reach-3 backrest ................................................................................................... 16 
Figure 8: Depiction of the one of the design alternatives for the Reach-3 of backrest along with 
the hybrid features (Design 1)....................................................................................................... 17 
Figure 9: Depiction of the features in the created design of Reach-3 backrest (Design 2) .......... 18 
Figure 10: Sliced parts for the new designs of backrests for facilitating the adjustability ........... 19 
Figure 11: Fabrication of new backrest design using 3D printing (in process) ............................ 20 
Figure 12: Fabricated Reach-3 Backrest Parts .............................................................................. 20 
Figure 13: Simulated Structure with Backrests for Laboratory Evaluation, attached (a) without 
Foam Padding and (b) with Foam Padding................................................................................... 22 
Figure 14: Schematic of the experimental procedure for laboratory evaluation of the backrests 24 
Figure 15: Laboratory experimentation for (a) Original Design, (b) New Design with 
anthropometric categories of participants: 1 (5th percentile female), 2 (5th percentile male), 3 (50th 
percentile female), 4 (50th percentile male), 5 (95th percentile female), 6 (95th percentile male) . 26 
Figure 16: Flowchart for protocol of usability testing (adapted from Lee et al., 1991) ............... 27 
Figure 17: Proto-1 design creation process from the original backrest design ............................. 31 
Figure 18: 3D printed Proto-1 model of Reach-2 backrest for preliminary subjective evaluation 
(black colored part) ....................................................................................................................... 32 
Figure 19: Flowchart showing Step-by-Step process of Proto-2 Design for the field evaluation of 
new design of backrest .................................................................................................................. 33 
Figure 20: Boolean Subtraction Process to obtain Proto-2 Design from the new backrest design
....................................................................................................................................................... 34 
Figure 21: Proto-2 prototype installed on a Reach-2 backrest of an actual forklift cabin for field 
evaluation ...................................................................................................................................... 35 
Figure 22: Driving evaluation of Proto-2 backrest with (a) Sitting Posture, (b) Standing Posture
....................................................................................................................................................... 36 
Figure 23: Driving task layout design for the field evaluation of the Proto-2 backrest design .... 37 
Figure 24: Two design alternatives for the new backrest design along with the adjustability 
concept of slicing the backrest into two parts ............................................................................... 40 
Figure 25: Depiction of adjustability in the selected new design (Reach3) for short operators (5th 
percentile) and large operators (95th percentile) ........................................................................... 41 
Figure 26: Graph depicting Mean deviation of Center of Pressure (COPDV) for each of the 
backrest designs during the start and end conditions .................................................................... 44 
vii 
 
Figure 27: Graph depicting mean deviation of Center of Pressure (COPDV) for each category 
during the start and end conditions. (the star symbol denotes values that are significantly 
different) ....................................................................................................................................... 44 
Figure 28: Graph depicting the variation in Total Distance for each backrest design during the 
start and end conditions. ( * Denotes significant difference) ........................................................ 45 
Figure 29: Graph depicting the variation of total distance (TD) for the two backrest designs (B) 
for each category. ( * Denotes statistical significance) ................................................................. 46 
Figure 30: Reach-4 Backrest Design mounted in the cabin along with the dashboard armrest ... 58 
Figure 31: Funnel Shaped flat surface (highlighted in blue) of Reach-4 backrest (with folded 
seat) compared with the flat surfaces of Reach-3 design .............................................................. 59 
Figure 32: Reach-4 backrest (a) adjusted for largest category, (b) pulled-down seat, (c) folded 
seat ................................................................................................................................................ 60 
Figure 33: Matching backrest surface with that of dashboard armrest ......................................... 61 
Figure 34: Reach-4 Backrest adjusted for short operators with folded seat ................................. 62 
 
 
List of Tables 
 
 
Table 1: Anthropometric classification of participants for the laboratory evaluation of backrest 
designs........................................................................................................................................... 23 
Table 2: Subjective questionnaire for the laboratory evaluation of the backrests ........................ 27 
Table 3: Pool of participants for the field evaluation of the prototype Proto-2 of the new backrest 
design ............................................................................................................................................ 34 
Table 4: Subjective questionnaire for Driving Field Evaluation .................................................. 38 
Table 5: Subjective evaluation of Proto-1 backrest for 5th  percentile female and 50th percentile 
male participants ........................................................................................................................... 39 
Table 6: p-values for the main effects and two factor interactions on the responses of Mean 
Velocity (MV), Max COP Deviation (COPDV), Total Distance (TD), Max Range (R), Max 
Range -Log Transform (logR), Comfort Rating (CR) and Comfort Rating -2nd Power Transform 
(sqrCR) using the factors Category (CT), Backrest (B) and Condition (CD) .............................. 42 
Table 7:Mean (S.D) for Mean Velocity (MV), Max COP Deviation (COPDV), Total Distance 
(TD), Max Range (R), Max Range -Log Transform (logR), Comfort Rating (CR) and Comfort 
Rating -2nd Power Transform (sqrCR) .......................................................................................... 42 
Table 8: Subjective Feedback on Backrest Designs during Laboratory Evaluation ..................... 43 
Table 9: Comparison of comfort ratings for the original and new backrest designs by the 
categories of participants .............................................................................................................. 43 
Table 10:  Scores for field evaluation of the backrests for Static (6 levels) and Driving (2 levels) 
tasks based on posture, type of backrest and type of evaluation (F: female, M: male). ............... 47 
Table 11: Subjective feedback on backrest designs during the field evaluation .......................... 47 
 
 
1 
 
A. Significance 
A.1 Product Design 
Product design is a field that deals with the process of creating and modifying products to improve 
the quality of life of the end-user. Product design contributes up to 60% of a customer’s decision to buy a 
product (Widodo & Tontowi, 2014). With technological advancements encompassing nearly every field, 
the number of different products in the marketplace has increased exponentially. In particular, a wide range 
of customizable products are available for the increasingly selective consumer. To increase the likelihood 
of product success, designers are striving to create and modify products that better suit the needs of end-
user. In order to accomplish this goal, designers are challenged to understand not only requirements of the 
customer, but also to identify specific product elements that when modified can propel the product ahead 
in the competitive market (Roy, Goatman, & Khangura, 2009). In response, the development of design 
methodologies like User-centric Design and Participatory Design, which incorporate the end-user in the 
design process, are resulting in an improved product-development process. And in fact, designing based on 
an understanding of user needs has demonstrated an improved success rate in terms of product sales (Roy 
et al., 2009). Among the various needs and requirements of products, one of the most vital needs common 
to all products is their safe operation, which can be achieved using principles of ergonomics. 
 
A.1.1 Ergonomics in Product Design 
Traditionally, products have been designed with two major components in mind: aesthetics and 
functionality. Aesthetics refers to the perception of attractiveness of the product, while functionality 
depends upon the operation performed by the product (Liu, 2003). Aesthetics is widely applied in product 
design because it is known to affect the market value of the product for the customer. The functionality 
aspect, however, has yet to be fully implemented in product designs due to the fact that many designers 
have been slow to appreciate the strong relationship between the function and the form of a product 
(Hogberg, Backstrand, Lamkull, Hanson, & Ortengren, 2008). While we often think of design deficits in 
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terms of how easy or difficult it is to use a product, the implications of mismatched form and function have 
broader implications.  Indeed, incorrect design of form can lead to inefficient human-product interface, with 
the implication that using such products over a long period of time may also lead to Cumulative Trauma 
Disorders (CTDs) and Musculoskeletal Disorders (MSDs) (Bhatia, Kalra, & Singh, 2016; Gregor Harih & 
Dolšak, 2013; Jung, 2014). It must be noted that injuries associated with product use can be categorized as 
either unplanned or planned. Unplanned injuries occur as a result of unintended manufacturing defects that 
are then typically remedied by the company in the form, say, a product recall.  In contrast, a planned injury 
is one that is due to faulty product design, and in such cases can be avoided. 
The broad domain of ergonomics, which is typically defined as the process of designing products 
so that they best fit the needs of the consumer, can be applied to reducing the risk of injury to the user. 
More specifically, corrective ergonomics refers to modifying existing products to improve the safety, 
health, comfort, and efficiency of the man-product system (Sagot, Gouin, & Gomes, 2003). However, as 
the term implies, this technique is applied after the product has been launched and is being used, which 
means that the product’s quality and performance is somehow lacking. In addition to impacting the 
reputation of the product, engaging in corrective ergonomics inevitably has financial consequences in terms 
of analyzing, redesigning and manufacturing a modified product. To prevent this stop-gap approach to 
design deficits, ergonomics can be integrated in the product development from the initial design phase, 
which is more efficient and less costly (Sagot et al., 2003). This horse-before-the-cart approach is known 
as Product Ergonomics, which promotes the design of ergonomically safe products (Bhatia et al., 2016; 
Raghunathan & R, 2016).  
 
A.1.2 Anthropometry  
To design products that fit the operator, it is important to know the dimensions of the product as 
well as the dimensions of the operator. Based upon variations between the two, product dimensions can be 
varied to adjust to the size of the operator. The study of measurements and proportions of the human body 
is called anthropometry, which consists of factors such as height, weight, gender, and length of body parts. 
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Because inevitable anthropometric variations in humans affect the use of products, it is important to 
consider this effect on the form and fit of the product during the design phase (Lee et al., 2018; Workineh 
& Yamaura, 2016). For example, a recent study in the medical domain indicated that small-handed surgeons 
experienced a number of grip problems compared to large-handed surgeons; as such, they were forced to 
hold the tools differently (González, Salgado, García Moruno, & Sánchez Ríos, 2018). In fact, the shape of 
a product can have a significant impact on the comfort of the operator. Accordingly, the form of a product 
should be such that it conforms to a wide range of anthropometric variables, which are generally ascertained 
through the use of surveys.  
Surveys that are developed to compile variations in human dimensions result in what are known as 
anthropometric databases. Based upon available anthropometric data, designers either design the product 
considering the maximum value of the relevant dimension of the human body—which is known as “Design 
for Maximum,” or they can design for adjustability. “Design for Adjustability” means that the product 
should be adjustable to a wide range of the population (Ismail, Abdullah, Sukadarin, & Deros, 2013). This 
approach can be accomplished by facilitating a mechanism that will vary the dimensions of the product 
such its dimensions can be matched with the dimension of the operator. For example, his concept was used 
in the design of automobile seats, which took into account the anthropometrics of a large population or 
drivers of varying dimensions (Ismail et al., 2013). Adjustability is important in design, due to the fact that 
different body sizes and dimensions change the contact forces and pressures at the human-product interface, 
which can then directly affect the comfort of the user (Welcome, Rakheja, Dong, Wu, & Schopper, 2004). 
 
A.1.3 Interface Mechanics 
Pressure is equal to force per-unit-area; thus, for a given force the required pressure would be 
reduced in cases when the area was larger. The contact area of the product with the human body determines 
the distribution of contact forces while operating that product. Increased contact area increases the frictional 
coupling between, for example, the hand and the product, providing more uniform pressure distribution and 
increasing the maximum torque transferred to the product (Harih, 2014). Therefore, the contact area of the 
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product to the human body has to be considered in the design process since these contact forces, in turn, 
will impact the stresses imposed on the anatomical structure of the user, potentially leading to discomfort 
and pain (Welcome et al., 2004).  
The more the form and shape of a given product matches that of the human body part in contact with that 
product, the greater the comfort to be felt by the operator (Haque & Khan, 2010). It is also important to 
note that the comfort of a product will also be impact by choice of material and the physical size of the 
product (Chang, Choi, Tjolleng, & Jung, 2017; Haque & Khan, 2010; Kim, 2009; Lowndes, Heald, & 
Hallbeck, 2015; Päivinen & Heinimaa, 2003; Workineh & Yamaura, 2016). For example, in a study of axe 
blades, the researchers determined that changes in blade-coating material resulted into lower force demands 
by the operators when cutting a piece of wood (Päivinen & Heinimaa, 2003). A later study of lawn mower 
handles showed that modifications in length, angle and height for the handle grip affected the grip strength 
generated by operators (Lowndes et al., 2015). Another study focused on increasing the size of the hand 
grip of a hack saw, which showed a rise in peak muscle activity after evaluation. These various studies 
confirm that incorrect product dimensions may lead to increases in human force demand, thus emphasizing 
the importance of selecting proper product design.  
 
A.2 Reach Forklift Trucks and the Product of Interest 
A forklift truck is a material-handling equipment widely used for warehousing applications. Among 
the various types of forklift trucks is the Reach Forklift, which is typically found in warehouses with narrow 
aisles, thereby enabling operators to maneuver the forklift in small spaces. Currently, there are two different 
variants of the Reach forklifts manufactured by a forklift-manufacturing company (named as Company X): 
the Reach-1 and the Reach-2 (Figure 1a and 1b). Each of the two forklifts has been fitted with a backrest 
against which the operators lean while driving. The Reach-2 forklift has an additional arrangement for a 
bottom seat which can also be folded into the backrest, thus converting the backrest into a seat. 
5 
 
   
(a) Reach-1                                                     (b) Reach-2 
Figure 1: Types of Reach Forklift Trucks with their respective backrests 
 
A.3 Effects of Prolonged Sitting and Standing  
Workers assuming a posture for a prolonged period of time results in what is known as postural 
fixity, which has negative impacts for human health. For example, back pain is known to increase during 
both prolonged sitting and prolonged standing (Chaffin, Andersson, & Martin, 2006). The relationship 
between back pain and work posture is U-shaped—meaning that both inactivity and excessive activities 
have the potential to put an individual at increased risk for back pain. Accordingly, back pain from 
prolonged postures can be reduced by incorporating fluctuations in standing and sitting postures (Le & 
Marras, 2016). It is advisable to use semi-sitting chairs that serve to introduce transitions between standing 
and sitting for workers who must engage in long standing or sitting tasks (Chaffin et al., 2006; Le & Marras, 
2016).  
 
A.4 Human Balance and Sensory Systems 
Human balance is maintained with the help of muscles that generate force, which is moderated by 
the Central Nervous System (CNS). Sensory inputs to the CNS from the visual, vestibular and the 
proprioceptive systems of the human body facilitate proper control of the muscles. According to two studies 
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involving forklift operators, night-shift forklift drivers often work in low-light warehouses; additionally, 
storage racks and the mast of forklifts are known to reduce operator visibility even (Bostelman & 
Bostelman, 2011; Marks & Shen, 2016). These low visibility conditions, the physical working environment, 
and the structure of the vehicles they operate represent potential impairments to the visual sensory system. 
Moreover, loading and unloading pallets require an operator to look upwards at near 90 degrees from the 
anatomical position of head, which is known to disrupt the vestibular system. This system is responsible 
for a person’s spatial orientation. Thus, looking upwards—especially at more intense angles—could 
negatively impact the functioning of the system. Moreover, considering the vibrational effects on drivers 
who operate forklifts, a solution generally adopted is to provide a cushion mat on the base that reduces 
whole-body vibrations. The downside of this approach, however, is that the wobbly effect induced by the 
cushion mat could adversely affect the proprioceptive system of drivers. Further, a majority of forklift 
operators are above the age of 50 and it is well known that the ageing process decreases the effectiveness 
of all sensory systems (Mansfield & Inness, 2015; Seimetz, Tan, Katayama, & Lockhart, 2012). All these 
factors are oriented towards decreasing the stability of the operator in the forklift cabin. To maintain 
stability, the user will have to apply an increased level of muscle force.  Considering that a typical work-
shift for a forklift operation is eight hours, managing this instability over a prolonged period of time is likely 
to result in increased discomfort over the short terms, and potentially more serious health and wellness 
impacts over the longer term.  
One of the approaches for evaluating these effects on human stability is to measure coordinate 
variations associated with Center of Pressure (COP), which can be assessed with the help of force plates 
(Mansfield & Inness, 2015; Seimetz et al., 2012). A stabilogram is a graph that depicts variations in the 
locations of these COP coordinates in the horizontal plane. Comparison of stabilograms for the open eye 
and all systems impaired condition are depicted in Figure 2.  
These results reinforce the need for a backrest or a seat provided in the operator cabin. Such a 
provision would enable the operators to obtain additional support with the help of the backrest and might 
reduce the variations observed in the stabilograms. Further, the backrest could be modified by the 
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attachment of a hook such that it could hold an operator more securely within the cabin. These factors point 
to the importance of using a backrest on stand-up counterbalanced trucks.  
 
Figure 2: Stabilogram comparison during open eye and all systems impaired conditions 
 
A.5 Importance of Adjustability in Products 
The adjustability of a product refers to the ability to adapt product features to a set of certain 
specified conditions. These conditions can be related to the environment in which the product is to be used, 
or they can relate to the operation/design of the product itself. In most cases, however, the end-user is a 
person and the product is in direct contact with the operator’s body. It is known that the interface between 
a product and the user can affect the force distribution while operating the product—and ultimately impact 
the user’s comfort (Section A.1.3). In such cases, the product needs to be adjusted to two conditions, the 
surroundings (the body of the user) and the operating conditions (provision of comfortable operation while 
fulfilling the purpose of the product). One of the main reasons for the variation in this product-operator 
interface pertains to disparities in body size (Section A.1.2). The physical dimensions of operators vary and 
these inevitable variations should be taken into account in the design of products and equipment. However, 
to accommodate all users, products tend to be designed for maximum size (Section A.1.2). Meanwhile, 
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operators with smaller body size do not fit properly with those one-size-fits-all product dimensions, which 
can cause discomfort during operation (Eltawil & Hegazy, 2011; Halder & Sarker, 2016; Parkinson, Reed, 
Kokkolaras, & Papalambros, 2007). Thus, to ensure that products are comfortable for a range of variably-
sized workers, design for adjustability needs to be implemented.  
The concept of design for adjustability is of high importance, especially for the design of vehicle 
cabins since their occupants are likely to be working within them for a considerable amount of time (Eltawil 
& Hegazy, 2011; Halder & Sarker, 2016). In terms of a standard definition, a person is said to be 
accommodated as a driver in a vehicle cabin if he or she can choose component locations and a posture 
without encountering range limits that hinder full accommodation and cause the driver discomfort 
(Parkinson et al., 2007). This can be achieved by considering any geometric constraints and implementing 
appropriate adjustability parameters within the cabin.  
In considering the design of stand-up forklifts, one of the most important cabin interfaces is the 
backrest, which ensures back support and increases the comfort of the driver (Section A.4). As an operator 
leans against the backrest, an interface between the body and the backrest is provided by the backrest 
contour planes (3D surfaces positioned on the leaning area of the backrest). These planes are designed to 
ergonomically fit to the back of the forklift operator. However, due to anthropometric variations in the 
population, utilizing a one-size-fits-all backrest would cause these planes to fit poorly.  Thus, given the 
significant variations in human body size and shape, interfaces that can accommodate those variations must 
be developed (Guan, Hsiao, Bradtmiller, Zwiener, Amandola, & Weaver, 2015; Parkinson et al., 2007). 
Indeed, a study involving tractor drivers stated that well-developed enclosures that can accommodate the 
inevitable size variations among drivers can lead to enhanced productivity and comfort (Eltawil & Hegazy, 
2011). The study also linked the failure to ensure the comfort of the driver to the loss of interest in driving 
the vehicle. 
Moreover, forklifts have wide applications in a variety of settings, such as warehouses, cold storage 
facilities, and grocery distribution centers. Some of these scenarios—notably cold storage facilities—would 
require users to wear thick heated jackets that could easily compromise the interface between the user and 
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the product. Such a situation could compromise the fit between the backrests and the driver, leading to 
discomfort (Halder & Sarker, 2016). The solution, then, is to apply the concept of adjustability to the 
backrest, which can then be adjusted to accommodate variations in the human anatomy, thereby enhancing 
driver comfort. 
 
A.6 Problem Statement 
The operating conditions of forklift drivers represent one of the important factors, which can 
potentially lead to discomfort and instability (Section A.4). Therefore, there is a need for an additional 
support in the form of a backrest that could potentially improve the operators’ comfort and reduce instability 
while standing. In a survey conducted by Company-X, it was found that shorter operators with a slimmer 
waist width found the Reach-1 backrest more comfortable; in contrast, larger operators with a larger torso 
found the Reach-2 backrest more comfortable. Thus, there is a need for a new seat that would be 
comfortable for both types of forklift operators (and all body types in between). This goal can be 
accomplished by utilizing the concept of “Design for Adjustability.” 
A new concept design could be developed that consists of improved features for both the backrest 
and the seat that would be comfortable for operators with a wider range of anthropometric measurements. 
The backrest contours of one backrest could be preserved in the new design (called as Reach-3, hence 
forth)—and using the concept of adjustability, the backrest contours of the other backrest could also be 
achieved. Meanwhile, a variety of real-world factors may affect the comfort of the seat; thus, a physical 
model of the seat needs to be assessed using certain subjective and objective measures.  
We hypothesize that this Reach-3 for an adjustable seat will induce more comfort and improve 
driver stability for a wider range of worker sizes/shapes. Accordingly, this study will investigate the benefits 
of a new backrest design created using the concept of adjustability over the original backrest.   
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B. Methodology 
B.1 Product Development 
Two factors are essential in ergonomic product design: the dimensions of the product, and 
measurements of the human body. The methods used to reduce the gap between the human body and the 
product interfaces are discussed in the following sections. 
 
B.1.1 Product Design with Human Body Contours 
The procedure for capturing data that reflects a user’s body shape and dimensions involve specific 
acquisition tools described in the following sections. An actual human body part, or a molded impression 
of the body part, can be scanned using 3D Lasers and imported to a CAD package (Tony & Alphin, 2018). 
The scanned data contains arcs, cross-sectional curves, surfaces, areas, and volume—along with the 
anthropometric data (Lee, Kim, Molenbroek, & Goossens, 2019). This information is then used in designing 
software packages to incorporate into the actual product (Gregor Harih & Dolšak, 2013, 2014). As reported 
in the literature, this method has been used to create hand-operated tool handles, ergonomic wrench handles, 
trowel grips, and seat designs (Amruthnath, Chen, & Gupta, 2016; Bhatia et al., 2016; Reynolds & Paul, 
2017; Tony & Alphin, 2018).  
As shown in Figure 3, a flow-chart for the process has been created that displays the step-by-step 
method of creating products with human form and shapes. The scanned human form is imported in a CAD 
package, where it is then combined with the designed product. Subsequently, the Boolean subtraction 
method, which is the removal of material in a 3-dimensional space, is used to obtain the human body form 
on the product. Specifically, two different parts can be aligned close to each other with overlapping portions. 
Thus, applying Boolean subtraction will remove the common volume to both parts from either one of the 
parts. Once this human form is achieved, the product can be redesigned to eliminate features like sharp 
edges. We utilized this approach for this investigation, which facilitated the creation of original seat models 
that were imported using the CAD software.  
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Figure 3:Flowchart depicting method for creating ergonomic products using data acquisition techniques 
 
B.1.2 Digital Human Modeling (DHM) 
Modern product development is heavily CAD-based (Harih, 2014). For a CAD system, digital 
human modeling (DHM) tools are used to create designs with the help of electronic manikins (Högberg, 
2005; Hogberg et al., 2008). Different anthropometric versions of electronic manikins are then developed 
using anthropometric databases based upon surveys conducted by organizations such as the Centers for 
Disease Control and Prevention (McDowell, Fryar, Hirsch, & Ogden, 2005). Similar to these studies, the 
software known as Creo (PTC, Needham, MA, USA) can be used for DHM verification and analysis of the 
two forklift backrests, Specifically, human models representing the 5th and 95th percentile of typical body 
size were fitted on the frame of the forklift to check the length, height, and width of the backrest contours 
of the current designs including reach-capability check, and visibility check (Okimoto, 2011; Singh, 
Samuel, & Solanki, 2014; Zhang & Chaffin, 2006). Major anthropometric measurements were checked 
using the same software (Creo), to include hip width, buttock width, pelvis height from the ground, and 
arm reach to the controls on the dashboard of the cabin. Based upon these analyses, the seat dimensions can 
be validated and modified to better fit the operator working within the cabin under real-world conditions. 
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B.1.3 Design of new backrest 
B.1.3.1 Analysis of Current Design 
The current backrest models fitted on the Reach-1 and the Reach-1 forklifts can be seen in Figure 
4, which illustrates the (a) Reach-1, and (b) the Reach-2 backrests in the Autodesk Fusion 360 software. 
Comparisons were then conducted between the dimensions of the two backrests.  
 
       
(a)                                              (b) 
 
Figure 4: (a) Reach-1 and (b) Reach-2 Backrest models in a CAD environment 
 
The Reach-1 backrest (Figure 4a) lacks a seat and accommodates only the leaning posture of an operator. 
However, this backrest is different in design compared to the Reach-2 backrest (Figure 4b) in that it features 
a smaller contour, which could facilitate the increased comfort of smaller-size operators. Further, the 
backrest also contains an upward curvature towards the top portion of the design. Operators of differing 
heights have different buttock and hip locations. Thus, this curvature may assist the backrest in 
accommodating operators of different heights while maintaining their comfort. This is a feature lacking in 
the Reach-2 backrest design. In contrast, the Reach-2 backrest has been fitted with a height-adjustment 
mechanism while the Reach-1 backrest is fixed. 
The presence of vibrations, low visibility, and lack of space are likely to increase the movement of 
the operator while operating the forklift. To restrict such unnecessary operator movement within the forklift 
cabin, the Reach-2 seat (Figure 4b) consists of a hook on one side to increase stability. However, the hook 
Hook 
Hollow Region for 
folding the seat 
Curvature on the 
top 
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is also positioned to minimize the potential interruptions to the operators’ hand and arm. The Reach-2 seat 
also contains a slot for encompassing a seat, which can be folded into the backrest. Thus, the seat can be 
used for both leaning and sitting. Another advantage of the Reach-2 backrest is its height adjustability, i.e., 
the backrest and seat can be moved in the vertical direction. 
 
B.1.3.2 Concept Generation 
A length difference in the horizontal direction was observed between the two backrests. Meanwhile, 
the anthropometric database (Dreyfuss, 2002) confirmed that the hip width of shorter operators (5th 
percentile) would be smaller in comparison to a larger operator (95th percentile). Thus, to ensure a better 
fit, the backrest contour should be adjustable to the shorter hip width of smaller operators. To fulfill this 
need, the concept of design for maximum was used as a starting point. Using the hip width of a 
95thpercentile user essentially means that nearly all operators will fit within these design dimension. The 
Reach-2 backrest, being the product with a larger design contour, was selected as a base model, which can 
then be made adjustable to fit smaller operators. 
The first step toward implementing adjustability is to analyze the maximum limits for adjustability. 
Thus, the CAD models of the two backrests were imported in one single assembly and overlapped upon 
each other (Figure 5).  
 
Figure 5: Comparison between design of Reach-2 and Reach-1 backrests, seen in top view 
 
Reach-2 
Backrest 
Reach-1 
Backrest 
Angular Plane 
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It was observed that the contours of the two backrests differed by a combination of certain amount of 
horizontal distance and a forward motion. By overlapping the Reach-1 and the Reach-2 backrests, it was 
seen that the contour of the Reach-1 backrest can be achieved if the Reach-2 backrest is shifted along a 
plane located at an angle, as seen from the top view in Figure 5. 
 
B.1.3.3 Dimensional analysis and calculations 
Consideration of the cabin dimension is important since this will affect the available space for seat 
modification, as well as the floor space of operator (Figure 6). The inside dimensions of the cabin were 
measured to be: Length (L) = 820 mm, Breadth (B) = 495 mm, Height (H) = 1340 mm. Then, the CAD 
model of the backrest was extracted from the cabin model and the backrest dimensions were ascertained, 
as follows: Length (L) = 185 mm, Breadth (B) = 450 mm, Height (H) = 450 mm. 
 
 
(a)                                                                     (b)     
Figure 6: (a) Forklift Cabin with Reach-2 backrest and (b) CAD model of Reach-2 Backrest 
 
 
Breadth of Reach-2 Backrest = 401.1 mm 
Control Handle 
Steering  
Wheel 
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Breadth of Reach-1 Backrest = 347.4 mm 
Thus, in order to make the adjustment, we needed to reduce the dimension of the Reach-2 backrest (Breadth) 
by the difference in the breadth of the two seats (i.e., 53.7 mm). Recall that the cabin dimensions and the 
location of the controls remain fixed, while the size of the operator will vary. Accordingly, shorter operators 
are likely to have a smaller reach compared to larger operators. To compensate for the lack of required 
reach among shorter operators, the distance between the backrest and the controls on the dashboard of the 
cabin must be minimized, which can be achieved by shifting the backrest forward for shorter operators.  
The proper range of adjustability (along the length) was determined using manikin analysis in the 
Creo software. A 95th-percentile electronic manikin was fitted into the cabin of the forklift with the Reach-
2 seat. Following the insertion of the manikin, the 95th-percentile manikin was positioned on the forklift 
truck by selecting touch points. The two identified touch points for drivers are the steering wheel and the 
control handle on the dashboard of the forklift cabin (Figure 6a). Next, the 95th-percentile electronic 
manikin was replaced by a 5th-percentile manikin; thus, the angles in the top view and the side view were 
replicated for the short manikin. Similarly, the short manikin was positioned in the cabin with hands 
attached to the touch points on the dashboard of the forklift cabin (control handle and steering wheel knob). 
Due to its shorter limbs, a gap was created between the surface of the backrest and the back of the manikin 
because the joint angles were kept the same as that for the 95th-percentile manikin. The gap length was 
measured to be 45 mm using the measurement tool in the Creo software. Therefore, a plane was selected to 
slide a part of the backrest, both in the forward and sideway directions. Therefore, angle of the slice can be 
written as follows. 
𝜃 =  tan−1
𝑂𝑝𝑝𝑜𝑠𝑖𝑡𝑒 𝑠𝑖𝑑𝑒
𝐴𝑑𝑗𝑎𝑐𝑒𝑛𝑡  𝑠𝑖𝑑𝑒
=  tan−1
45
53
= 40° 
The Reach-2 backrest can be sliced and shifted along a plane at this angle permitting sideways and forward 
adjustments. 
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B.1.3.4 Creation of the Backrest Designs 
The contour of the Reach-1 backrest can be achieved by sliding the Reach-2 seat along an angular 
plane. The Reach-2 backrest was cut along the plane based upon the dimensions calculated in the previous 
section (Section B.1.3.3). The sliding part was moved forward, which resulted in the modified design. This 
new model was then overlapped with the original Reach-2 backrest. Using 3D Boolean subtraction, the 
common part to both of designs was subtracted and this transformation resulted in an additional part that 
we refer to as Proto-1. This part can be attached on the Reach-2 backrest to achieve the Reach-1 backrest 
contours (Figure 7). 
Proto-1 can be used for rapid prototyping and preliminary evaluation. However, a new backrest 
needed to be designed that could facilitate optimum adjustments, while still including desirable features of 
both backrests. For this purpose, the models were imported into the Autodesk Fusion 360 software.  
 
Figure 7: Method for contour plane extraction of back-resting surface from original design for the creation of Reach-
3 backrest 
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To maintain contours, the targeted surfaces—which represent the surfaces that will be in contact with the 
backs of operators—were extracted from the original model. This can be seen in Figure 7 along with the 
parameters used for the contour extraction. Once these surfaces were extracted, the sculpt feature in the 
software was used to design the new backrest models . Figure 8 and Figure 9 illustrate the two Reach-3s of 
the backrest. Both of the designs were created from the extracted contour planes.  
 
Figure 8: Depiction of the one of the design alternatives for the Reach-3 of backrest along with the hybrid features 
(Design 1) 
While the first design modification (Figure 8) includes features similar to the original Reach-2 
backrest, it also integrates the features of the Reach-1 backrest as well. The Reach-2 backrest lacks an 
upward curvature, which can be seen in the Reach-1 backrest. The surfaces of the Reach-3 were modified 
to impart a slight curvature towards the top end of the backrest, which may improve comfort while leaning 
upon the backrest.  Since discomfort is increased in the presence of hard edges, these surfaces were 
eliminated in the Reach-3s. Moreover, the design was made to be symmetrical to induce uniform pressure 
along the entire back of the user. We also included the hook, which is currently in the Reach-2 design but 
not in the Reach-1 design; additionally, a smooth contour was created for the hook. Another difference 
between the hook of the Reach-2 backrest and the Design 1 is that the hook in the Reach-3 is connected to 
the body of the backrest with a wider surface. This modification was implemented to allow the new backrest 
design to cover a larger area on the side of the back of the user. In addition, the connecting surface between 
the hook and the backrest was made to be more gradual and was extended from the Reach-2 back contour 
plane. 
Gradual contour 
between Hook 
and Backrest 
Curvature at top as 
seen in Reach-1 
backrest 
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A second design was created (Figure 9) to incorporate a different combination of features along 
with modifications from the first design. First, similar to Design 1, the contour surface from the Reach-2 
seat was extracted. Next, internal symmetry was added to the surface and then the surface was manipulated 
to create a symmetrical design in the side plane. In doing their job, forklift drivers must exercise frequent 
movement of the torso while operating the forklifts. The top curvature, as seen in the Reach-1 backrest, was 
thus reduced in width and a spherical shape was created at the top end. We implemented this modification 
in order to provide operators with sufficient back support, as well as provide easier movement of upper 
back. Further, hooks were added on both sides to promote symmetry. The original idea behind using a hook 
is to prevent the operator from falling out from the open side of the forklift. Thus, to improve the stability 
in driving, two hooks were added symmetrically. 
             
Figure 9: Depiction of the features in the created design of Reach-3 backrest (Design 2) 
 
These designed models were in the form of three-dimensional surfaces. To obtain a solid model, 
these surfaces were closed completely by bonding the surfaces and closing any gaps in the design. These 
designs were then converted into solid models. Once the design was completed, the backrest was sliced 
according to the design calculations described in Section B.1.3.3. Figures 10a and 10b illustrate the sliced 
designs of the two new backrests in the form of two separate parts, which was undertaken to facilitate the 
adjustment for the 5th and 95th percentile based upon the contours of the two original backrests. 
Spherical 
curvature 
allowing ease of 
torso movement 
and support 
Hook on both 
sides to provide 
uniform pressure 
on back and the 
sides 
Complete 
symmetry in 
entire product 
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(a) Sliced parts of Design 1                   (b) Sliced parts of Design 2 
Figure 10: Sliced parts for the new designs of backrests for facilitating the adjustability 
B.1.4 Fabrication 
While the term “traditional manufacturing” refers to the removal of material to create a desired part 
(e.g., milling, drilling), “additive manufacturing” is achieved by adding layers of material together to make 
an object. Therefore, 3D printing is a form of additive manufacturing that results in the rapid creation of 
complex parts or prototypes. The use of additive manufacturing provides rapid transition from the design 
phase to actual manufacturing. 
The 3D fabrication process typically involves the following steps: 
1. CAD design and development  
2. Slicing of CAD file into layers  
3. Input Material (Solid / Liquid / Powder) 
4. Layer-by-layer creation of object  
5. Post processing 
After the creation of the Reach-3, the solid model files were exported into an STL 
(stereolithography) format for 3D printing. In this format, the solid model is first meshed in the form of 
triangles and then sliced into layers. Considering the large size of the parts, a Fused Deposition Modeling 
3D printer (FDM) (Titan Robotics and Autodesk) was used to fabricate the Reach-3 .  
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Fused deposition modeling is a material extrusion process in which thermoplastic filaments are 
melted and deposited according to the geometry of the part. The material used for the fabrication was ABS 
(acrylonitrile butadiene styrene). Figure 11 shows the 3D printer in the process of fabricating the part. 
  
Figure 11: Fabrication of new backrest design using 3D printing (in process) 
 
 
Figure 12: Fabricated Reach-3 Backrest Parts 
 
B.2 Product Testing and Evaluation 
The new backrest design was assessed by selecting the appropriate evaluation methods that would 
deliver essential insights about the comfort and stability of the seat. During actual experimentation, 
subjective and objective measures were collected to achieve this goal. Specifically, a 3D model of the new 
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seat was generated, which was used as the physical working model of the seat for evaluation purposes. The 
Reach-3 of the backrest was evaluated using human subjects in both, a controlled laboratory environment 
as well as in the field, on actual forklift trucks. 
 
B.2.1 Laboratory Evaluation 
The laboratory evaluation was conducted in the Biomechanics and Ergonomics Laboratory (BEL) 
located at Rochester Institute of Technology’s (RIT). The aim of conducting the laboratory evaluation was 
to obtain a comprehensive quantitative analysis of the Reach-3 in comparison to the Reach-2 backrest. 
Since the Reach-3 is initially a derivative of the Reach-2 backrest (considering no adjustability), Reach-2 
backrest was selected instead of Reach-1 backrest. Moreover, Reach-2 backrest provides height 
adjustability making it a better fit for comparison between the current designs and the Reach-3. 
A simulated mechanical structure representing a forklift cabin was constructed, and the physical 
models of the backrests were attached onto this structure. This structure, shown in Figure 13 below, consists 
of two 3D Printed backrests attached on a wooden platform with the help of metal bolts. These metal bolts 
were inserted within the 3D printed backrests and were attached to the wooden platform with washers and 
nuts. Four bolts were used to fix the Reach-2 Backrest while the Reach-3 was attached with six bolts, two 
of which were used to make the adjustability according to the user leaning on the backrest. Slots were 
created in the wooden platform to slide the smaller part.  
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       (a)               (b) 
Figure 13: Simulated Structure with Backrests for Laboratory Evaluation, attached (a) without Foam Padding and 
(b) with Foam Padding 
To summarize, the laboratory evaluation was used to measure the effect of adjustability in the 
Reach-3 on the comfort of the backrest. While the actual forklift cabin may contain additional materials to 
assist the adjustability, our interest lies in evaluating the effect of reduction of backrest support due to 
adjustability (for the shorter operators) in the Reach-3 and compare it to the current design. Using the 
simulated structure, the functionality of the backrests in terms of movement restriction and operator comfort 
was assessed using both qualitative and quantitative approaches.  
 
B.2.1.1 Participant Selection 
Twelve participants (6 males and 6 females) were recruited from the university population. These 
participants were classified into three groups: 5th, 50th, and 95th percentile based upon their waist width 
according to an anthropometric database (Dreyfuss, 2002). Table 1 below shows the participants along with 
anthropometric parameters of height, weight, waist and hip width. Using an effect-size approach, with 
power of 0.6 and Type I error = 0.05, we determined that a minimum of 10 participants would be needed 
to detect “large” effect sizes (i.e., ω2 ≥ 0.15) (Keppel & Wickens, 2004).  
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Table 1: Anthropometric classification of participants for the laboratory evaluation of backrest designs 
Category 1 2 3 4 5 6 
Percentile 5th 5th 50th 50th 95th 95th 
Gender Female Male Female Male Female Male 
Participant No. 1 2 3 4 5 6 7 8 9 10 11 12 
Height 
(cm) 
159 165 178 173 162 165 175 182 181 162 189 186 
Weight 
(lbs) 
93 120 155 122 154 167 150 176 260 220 190 205 
Waist Width (mm) 190 200 228 220 246 270 289 320 360 390 378 405 
Hip Width (mm) 200 260 310 250 280 240 270 350 390 400 358 396 
 
Considering that four levels of experimental conditions are planned in a repeated measures design, 
a multiple of 4 participants will help to incorporate counterbalancing. As such, 12 participants were 
recruited for the experiment. Informed consent was collected from participants prior to data collection, as 
mandated by the Rochester Institute of Technology Institutional Review Board.  
 
B.2.1.2 Experimental Procedure 
Experimental trials were conducted to assess the functionality of both the original and the new 
adjustable backrests. A schematic of the procedure, along with the duration of each segment of the trial, is 
presented in Figure 14. Prior to starting the trial, the structure with the attached backrest of an Reach-2 
forklift was positioned over the force plate. The participants were asked to stand on the force plate and a 
passive marker was be attached to his or her sternum.  
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Figure 14: Schematic of the experimental procedure for laboratory evaluation of the backrests 
 
The goal of the experiment was to assess both stability and comfort. Hence, the participant would be 
required to lean against the backrest in a posture that is suited to each individual. In contrast, if a specific 
leaning posture was assigned to all participants, the comfort factor could not be considered due intrinsic 
anthropometric variations in body shapes, thereby skewing results related to comfort. However, the actual 
forklift cabin was analyzed and it was found that the distance of the dead-man pedal, on which the driver 
needs to step to drive a forklift, is located about 35 centimeters from the backrest, as seen from the top 
view. As soon as each participant leaned against the backrest, the timer was started. 
First, a subjective evaluation (Section 2.3) was conducted for a duration of 5 minutes. During this 
subjective evaluation, the participant was asked to (a) rotate both hands at the shoulder joints, and (b) move 
hips while leaning against the backrest while looking 90 degrees in either direction. This study’s subjective 
evaluation was conducted to determine the freedom-of-movement of the user. This subjective evaluation 
was aimed to be a key representation of the comfort felt by the operator while leaning on the backrest 
design. 
Subsequent to the qualitative subjective evaluation, quantitative data from the force plates was 
collected over the duration of five minutes (Section 2.4.1). Prior to starting the data collection, the 
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participant was asked to stay as still as possible with hands in the same position as desired by the participant 
throughout the data collection session. During any discomfort situations, the participant was instructed to 
move their torso for acquiring the desired comfortable position while leaning. The VICON system was also 
used to collect data simultaneously for a duration of 5 minutes (Section 2.4.2). The motion-capture system 
was then used to measure (a) comfort (in the form of restlessness, shown by variations in marker position 
over time), and (b) stability (in terms of displacement of the marker over time). For a period of 10 minutes, 
the participant was leaning on the backrest, which was followed by 5 minutes of VICON and force plate 
data collection. Figure 15 shows the categories of participants while they are leaning against the backrests. 
During the 10 minute period, the participant was instructed to perform a counting task which was aimed 
towards two objectives: a. To simulate the cognitive demand of an orderpicking task of forklift operators, 
b. To use the cognitive demand to distract the attention of the participant from the comfort levels on the 
back of the person. The counting task consisted of reverse subtraction in alternate steps of 3 and 5 or 5 and 
7, varied randomly among the trials. Finally, the same subjective evaluation was conducted for the next 5 
minutes using the same questionnaire. The participant was provided a 5-minute rest period after the initial 
30 minutes of the test. 
 
(a) 
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(b) 
Figure 15: Laboratory experimentation for (a) Original Design, (b) New Design with anthropometric categories of 
participants: 1 (5th percentile female), 2 (5th percentile male), 3 (50th percentile female), 4 (50th percentile male), 5 
(95th percentile female), 6 (95th percentile male) 
The same procedure was then repeated for the next 30 minutes after switching out the original 
backrest with the adjustable backrest. The backrest order was randomized between the participants. Prior 
to initiating the sub-trial, the backrest was adjusted according to the classified type of the anthropometric 
percentile (5th, 50th, or 95th percentile). Objective and subjective evaluations were also collected at similar 
timing intervals as used in the first sub-trial. 
 
B.2.1.3 Subjective Evaluation 
Once the backrests are attached on the structure of the forklift truck, the participants were asked to 
lean against the backrest; they were then be asked a few questions relating to their comfort (Table 2). The 
questions were formulated specifically for the forklift backrest based upon a seat evaluation checklist 
developed at Cornell University (Hedge, 2007). 
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Table 2: Subjective questionnaire for the laboratory evaluation of the backrests 
Sr. No. Questions 
1.  Do you feel comfortable while leaning on the backrest? If not, why? 
2.  Do you feel any protruding areas on the backrest while leaning? 
3.  Do you feel the need to further adjust the backrest? 
4.  Are you able to move your hips on the backrest while leaning? 
5.  Do you feel comfortable while looking at 90 degrees on both sides? 
6.  On a scale of 1 to 10, how comfortable are you using the backrest? 
7.  Assuming a score of 10 when you first leaned on the backrest, how much would you rate your 
comfort score at this point? 
 
Usability relates to ease-of-use; accordingly, usability testing incorporates the perspectives of 
users to validate a product’s ease-of-use (NIELSEN, 1993). Usability testing is a tool for measuring the 
effectiveness, efficiency, and satisfaction with a given product as rated by users (Lee, Jung, & You, 1991). 
As depicted in Figure 16, a flowchart provides the protocol that will be employed for the usability testing 
of products during this investigation, which dovetails with a prior literature report (Lee et al., 1991). 
 
Figure 16: Flowchart for protocol of usability testing (adapted from Lee et al., 1991) 
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The process starts with identifying the characteristics of the products involved in a given task, 
usability measures. and components related to the interface. This identification process is followed by 
comparing the designs, which helps in identifying the factors required for user-centric ergonomic designs. 
Based on ongoing feedback from participants, the design was re-analyzed and was modified accordingly 
(Tony & Alphin, 2018). Incorporating user feedback assists a designer in verifying the ease-of-use of the 
product. Feedback from users will be collected in the form of questionnaire responses (Table 2) during the 
subjective evaluation. According to the answers given by the participants, the design was further modified. 
 
B.2.1.4 Objective Evaluation 
Evaluation and assessment of the backrest design prototypes will be accomplished by utilizing 
objective measures, which involve the use of biomechanical tools (Gregor Harih & Dolšak, 2014; Jung, 
2014). The use of force plates and a motion-capture system represent two of the common approaches for 
obtaining objective evaluation data (Haque & Khan, 2010; Ng, Choong, s& Jee, 2016; Schmid, Kubler, 
Johnston, & Coppieters, 2015; Tony & Alphin, 2018).  
 
B.2.1.4.1 Stability Analysis 
Force plates are used to observe the variation and distribution of forces exerted onto the floor by 
participants. The original seat will be compared to the Reach-3 in the positions of the adjustment for the 
respective category of the participant (5th, 50th , or 95th percentile). The stability can be quantified with the 
help of stabilograms and changes in the mean velocity of center of pressure (COP) locations. Thus, we will 
be able to quantify the effect of the old and the Reach-3 on the stability of our study participants. 
The data obtained from the force plate for the two sessions was collected at a sampling rate of 1000 
Hz. Prior to analysis, the obtained data was filtered using a 2nd-order low-pass digital Butterworth filter 
with cutoff frequency 10 Hz. This data was then imported in the MATLAB software for further analysis. 
The position of the COP (i.e., x and y coordinates) will be obtained using the following equation: 
29 
 
𝑥 =
−ℎ∗𝐹𝑥− 𝑀𝑦
𝐹𝑧
,  𝑦 =
−ℎ∗𝐹𝑦+𝑀𝑥
𝐹𝑧
 
Where Fx, Fy and Fz are the forces in the x, y and z axes; Mx and My are the moments along the x and y 
axes; and h is the thickness of the force plate. 
The average velocity of the COP will be another measure of a participant’s relative stability. The 
total distance of COP movements will be divided to the total time (i.e., 30 sec) to obtain this measure. These 
data will enable us to quantify the relationship between operating conditions and instability while standing 
on stand-up forklifts. 
 
B.2.1.4.2 Motion Analysis 
Force plates can provide valuable data concerning the stability of the operator. However, the force 
plates determine the effect of one’s entire weight upon the force plates instead of supplying more discrete 
data. Since each participant leaned back against the backrest (and it may not be possible to place the entire 
structure on the force plates), a part of the weight of the participant was transferred to the force plates. At 
the same time, comfort is another important measure while leaning against the backrest. It is known that 
discomfort may lead to voluntary or involuntary movement of the human body (Fenety, Putnam, & Walker, 
2000). In this regard, restlessness is used as a measure of discomfort in various sleep studies; specifically, 
higher movement frequency indicates higher discomfort which has been proven in prior research involving 
seats and sleep studies (Andrade, 2013; Fenety et al., 2000). In considering backrest discomfort, it is 
speculated that uncomfortable back support will lead to torso movements of the participant. Therefore, it 
will be important to use a motion-capture system for collecting data concerning the location of the point-
of-interest in the three-dimensional space. 
Accelerometers have also been used to measure restlessness among study participants (Andrade, 
2013). However, due to drift errors in accelerometers, a passive motion-capture system based upon infrared 
cameras was used to record the movements of our participants with higher accuracy. In particular, a 
reflective marker was fixed to chest of each individual. Prior to data collection, the seat was adjusted to the 
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body of the participant in terms of height, as well as the width (in the case of the Reach-3). While recording, 
the participant was not given any specific instructions on how (or if) to move while leaning; thus, the extent 
to which a study participant moves will reflect the measure of comfort experienced by that individual. The 
original and the new backrests were compared based upon comparative data. The recorded data from the 
VICON system was then be imported into MATLAB software and the total displacement of the marker was 
calculated along with the mean velocity of marker displacement. 
 
B.2.2 Field Evaluation 
With the purpose of evaluating the new backrest design in the actual intended environment, field 
evaluations were conducted by installing prototypes of the new concept and Reach-3 on the Reach forklift 
truck. The field evaluation was conducted in three stages: 
 
1. Validation of the adjustability Concept 
2. Static Evaluation of Reach-3 
3. Driving Evaluation of Reach-3 
 
For the field evaluation, participants were selected based on anthropometrics and in particular participants 
belonging to the 5th and 50th percentile waist width were selected for such evaluation. Prior to selecting the 
participants, consent in participating in the testing was obtained via email and all the participants were the 
company employees. A forklift driving license certification is required to drive the Reach forklifts which 
was verified before asking the participants for driving the vehicle. 
 
B.2.2.1 Adjustability Concept Validation 
The first step in the evaluation was the validation of the sliding backrest adjustability concept and the goal 
was to check whether the adjustability concept works in the forklift cabin environment. Thus, the concept 
was checked by creating a prototype and evaluating with 5th and 50th percentile human subjects. 
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B.2.2.1.1 Design and Fabrication  
 
For quick evaluation, the Proto-1 design was created. The concept of adjustability was applied to 
the original Reach-2 backrest by slicing the backrest along the diagonal plane in the CAD environment. 
Further, adjustment was performed to suit for 5th percentile operators. Next, this new CAD part with 
adjustment was overlapped in the forklift cabin along with the original Reach-2 backrest. A 3-D Boolean 
subtraction was performed on the part by subtracting the original Reach-2 backrest from the overlapped 
part. This resulted in the Proto-1 design which can be used as an add-on over the original backrest. The 
process flowchart can be observed in the figure below (Figure 17) 
 
Figure 17: Proto-1 design creation process from the original backrest design 
 
The design was then 3D printed using a Fused Deposition Modeling (FDM) printer. Due to the 
limited size capacity of the printer, Proto-1 was split into four parts for printing and then glued together to 
obtain the Proto-1 backrest (Figure 18).  
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Figure 18: 3D printed Proto-1 model of Reach-2 backrest for preliminary subjective evaluation (black colored part) 
 
 
B.2.2.1.2 Evaluation Procedure 
 
The Proto-1 design was fitted on the Reach-2 backrest as an add-on attachment. This was done to simulate 
the adjustability concept, with an adjustment for the small operators that is, backrest pulled inside and 
forward. Tape was used to attach Proto-1 on the backrest and was well fitted on the backrest to ensure that 
the part did not move. Two participants were selected, one belonging to the 5th percentile female category 
while the other belonging to the 50th percentile male category. This was done to consider the two extreme 
population limits for the adjusted backrest. The participants were asked to step on the forklift cabin and use 
the backrest in both, leaning as well as sitting postures. Next, subjective evaluation was conducted using 
the static evaluation questionnaire and feedback regarding the comfort was obtained (Table 2). 
 
B.2.2.2 Validation of New Backrest Prototype 
Once the Reach-3 was completed, field evaluation was conducted using a prototype part, named as Proto-
2, representing the Reach-3. The aim of this evaluation was to evaluate the efficacy of the features of the 
Reach-3 along with the adjustability concept in the working environment of a forklift operator. Since the 
contour surfaces of the Reach-3 were originally extracted from the Reach-2 backrest and it was known that 
larger operators are comfortable with the Reach-2 backrest, the main goal of this evaluation was to verify 
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whether shorter operators provide improved comfort levels with the forward adjusted version of the Reach-
3. For this purpose, Proto-2 was designed and evaluated using a total of 6 participants. 
 
B.2.2.2.1 Design and Fabrication  
 
Similar design procedure to the Proto-1 was followed for creating the Proto-2 design. However, instead of 
using the Reach-2 backrest, the Reach-3 was used. The Reach-3 was imported into the same CAD 
environment as that of the forklift cabin and the backrest was assembled on the truck over the existing 
original Reach-2 backrest model. Further, the Reach-1 backrest was imported into the same CAD 
environment. Then this Reach-1 backrest was aligned and assembled into the forklift cabin. Once all three 
backrests: Reach-1, Reach-2 and the Reach-3 were assembled; the Reach-3 was adjusted in the forward 
position. This position was adjusted and confirmed by the matching surfaces of the Reach-3 and the Reach-
1 backrest. In the next step, the Reach-2 and the Reach-3 backrest were separated from the forklift cabin 
model. Then, Boolean subtraction was performed on the Reach-3 and the volume common to both the 
models was subtracted from the Reach-3. This resulted into a solid model that can be used as an add-on 
model to the current Reach-2 backrest, termed as Proto-2. Figure below (Figure 19) shows the step-by-step 
process of creating the Proto-2 design, while figure 16 below (Figure 20) shows the Boolean subtraction of 
the Reach-2 backrest from the Reach-3. 
 
Figure 19: Flowchart showing Step-by-Step process of Proto-2 Design for the field evaluation of new design of 
backrest 
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Figure 20: Boolean Subtraction Process to obtain Proto-2 Design from the new backrest design 
 
 
B.2.2.2.2 Evaluation Procedure 
 
The evaluation procedure was divided into two sections, first being the static evaluation and the second was 
the driving evaluation. A high capacity reach forklift with the reach-2 backrest was selected for the 
evaluation. This was done based on availability of forklift trucks in the simulated warehouse. For the 
evaluations, the Proto-2 backrest was used as an add-on to the Reach-2 backrest in both cases, static and 
driving. Two trials were conducted for each participant during the evaluation: Trial 1 (with Reach-2 
backrest), Trial 2 (Proto-2 backrest). A total of six participants were selected for the study, which can be 
observed in the table below (Table 3) 
Table 3: Pool of participants for the field evaluation of the prototype Proto-2 of the new backrest design 
Sr. No. Participants Category Type of Evaluation 
1 Participant 1 5th percentile Male Static 
2 Participant 2 5th percentile Female Static 
3 Participant 3 5th percentile Male Driving + Static 
4 Participant 4 50th percentile Male Static 
5 Participant 5 5th percentile Male Driving 
6 Participant 6 5th percentile Female Static 
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Since the evaluation was aimed for shorter operators, the pool of participants consisted of participants 
belonging to the 5th to 50th percentile category. Based on the body anthropometrics of the participant, the 
participant was either categorized into a 5th or a 50th percentile. The pool included people from both genders, 
males and females and also included two experienced forklift drivers. Driving evaluations were conducted 
for the experienced drivers while static evaluations were conducted for the rest of the participants. Before 
starting the experiment, the participants were asked to wear steel-toed shoes as a safety precaution for 
getting on the forklift truck. 
 
B.2.2.2.2.1 Static Evaluation 
Before starting the experiment, the participant was instructed about the experimental process. The 
participant was then instructed to get on the forklift truck and use the backrest. Two types of backrests were 
used: Reach-2 and Proto-2. Figure below displays the attached Proto-2 backrest (Figure 16). 
 
Figure 21: Proto-2 prototype installed on a Reach-2 backrest of an actual forklift cabin for field evaluation 
 
The static evaluation consisted of two trials, one with leaning on the backrests and one with sitting on the 
seat and using the backrests. A subjective evaluation questionnaire, seen in table below (table 4) was used 
for the subjective evaluation. For each trial, the participant was told to use the backrest and questions were 
asked serially as seen in the table 2. Once all questions were answered, the participant was asked about any 
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general comments regarding the design. Next, the backrest was swapped and same evaluation was 
conducted. Further, the next trial was conducted. Overall, the experiment for one participant lasted for an 
average of one hour.  
 
B.2.2.2.2.2 Driving Evaluation 
Driving evaluations were conducted using the same high capacity reach truck fitted with Reach-2 backrest, 
as that of static evaluation for Proto-2 backrest. Two participants were selected for driving evaluation, since 
they both possessed the driving license to drive the forklift truck and both were experienced drivers. One 
of the participant reported frequency of driving forklifts as twice a week, while the other reported that 
driving forklift was a part of daily work schedule. Driving evaluations consisted two trials with sitting and 
leaning postures of the driver. Each trial consisted of driving with two backrests: Reach-2 and Reach-2 
fitted with Proto-2. Figure below (Figure 22) shows a participant using the Proto-2 backrest in sitting 
posture and in leaning posture. 
   
(a)                                  (b) 
Figure 22: Driving evaluation of Proto-2 backrest with (a) Sitting Posture, (b) Standing Posture 
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The participant was instructed on the driving task before starting the experiment. A driving route was 
defined for the participants, which can be seen in the figure below (figure 23). The route composed of a 
variety of driving maneuvers including forward driving, reverse driving and on-spot turning. The speed of 
the forklift truck had a maximum speed of 7 miles per hour, which was limited specifically for the study.  
 
Figure 23: Driving task layout design for the field evaluation of the Proto-2 backrest design 
 
 The participants drove the forklift in the instructed fixed round path and completed 3 laps around the 
simulated warehouse. The duration of each trial was approximately 10 minutes. Once the driving task was 
completed, a modified subjective evaluation questionnaire was used for evaluating the effectiveness of the 
design (Table 4). Ratings were obtained along with any general comments that the participant had about 
the design of the backrests. 
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Table 4: Subjective questionnaire for Driving Field Evaluation 
Sr. No. Questions 
1 Did you feel comfortable while leaning on the backrest? If not, why? 
2 Describe on a scale of 1 to 10, the assistive capabilities of the backrest design while driving 
3 Did you feel any protruding areas on the backrest while leaning? 
4 Did you feel the need to further adjust the backrest? 
5 Were you able to move your hips on the backrest while leaning? 
6 Did you feel comfortable while looking at 90 degrees on both sides? 
7 On a scale of 1 to 10, how comfortable were you using the backrest while driving? 
8 Was the hook feature helpful while driving forward? If not, why? 
9 Were you comfortable while leaning on backrest while driving backwards? If not, why? 
 
B.3 Statistical Analysis 
Statistical analysis was performed on the laboratory evaluation of the research study to detect the 
effect of backrest, condition and anthropometric variation in population on the comfort of participants using 
objective and subjective measures as discussed in earlier sections (B.2.1). Three independent measures 
were used in this study: type of backrest (original backrest, new backrest), category of participant (5th 
percentile female, 5th percentile male, 50th percentile female, 50th percentile male, 95th percentile female, 
95th percentile male) and the condition of experiment (Start, End). The dependent measures included both 
the subjective and objective measures, which are total distance of sway in marker position, maximum range 
of COP deviation, maximum deviation of COP, COP mean velocity and comfort scores.  
Statistical analyses will be performed using JMP Pro 14 (SAS Institute), with the statistical 
significance of p<0.05. A full-factorial design was run which included the two-factor interaction effects 
(Backrest - Category, Backrest – Condition, Category - Condition) and three factor effect of Backrest – 
Condition – Category. Since no significant effects were observed on the response variables of Range and 
Comfort scores, transformations were performed on these two response variables. While conducting the 
statistical analyses, post-hoc comparisons were performed using Student’s T for assessing the differences 
between levels of statistically significant factors. 
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C. Results 
C.1 Evaluation of Proto-1 
The preliminary subjective evaluation was conducted in the company using the original Reach-2 backrest 
and 3D printed Proto-1. One male and one female individuals participated in this assessment, who fit the 
50th and 5th percentiles population, respectively (Dreyfuss, 2002). The results of this evaluation are 
presented in Table 5. 
 
Table 5: Subjective evaluation of Proto-1 backrest for 5th  percentile female and 50th percentile male participants 
Sr. 
No. 
Questions 5th Percentile Female 50th Percentile Male 
Original 
Reach-2 
backrest 
Reach-2 
backrest with 
Proto-1 
Original Reach-
2 backrest 
Reach-2 
backrest with 
Proto-1 
1 Do you feel comfortable 
while leaning on the 
backrest? If not, why? 
No 
Slipping while 
leaning 
Yes No 
Improper 
alignment 
No 
Smaller and tight 
fit 
 
2 Is free motion of arms 
possible while leaning on 
the backrest? 
Yes Yes Yes Yes 
3 Do you feel any protruding 
areas on the backrest while 
leaning? 
No No No Yes 
Edge of new part 
4 Do you feel the need to 
further adjust the backrest? 
Yes Yes Yes Yes 
5 Are you able to move your 
hips on the backrest while 
leaning? 
Yes No No No 
6 Do you feel comfortable 
while looking at 90 
degrees on both sides? 
Yes Yes Yes No 
7 On a scale of 1 to 10, how 
much comfortable are you 
using the backrest? 
5 6 7 7 
 
In summary, the 5th-percentile female felt more comfortable while leaning against the Reach-2 backrest 
when the Proto-1 was fitted onto it, which is evidenced in a comparison of her answers for the two backrests 
(Table 5). Moreover, the slipping and movement of her hips were more pronounced when the original 
backrest was used for testing. In contrast, when the Proto-1 insert was fitted into the backrest, she was less 
40 
 
able to move her hips while leaning. This observation indicates that the backrest with Proto-1 was able to 
hold the participant more firmly into place during leaning. 
Similarly, the subjective evaluation for the 50th-percentile male participant showed that the Proto-
1 offered a tighter fit. This finding may be associated with the fact that the Proto-1 design was fabricated 
considering the needs of a 5th-percentile individual, thereby indicating a need for a sliding adjustment. 
Additionally, the Proto-1 was based upon the contours of the Reach-1 backrest, which indicates that the 
Reach-1 contour is not well suited for a 50th-percentile individual.  Indeed, the participant also felt 
uncomfortable due to the protruding edge of the Proto-1 design. As shown in Table 5, the 50th-percentile 
participant listed the same scores for the backrests with and without the Proto-1 insert. Based upon these 
results, Reach-3s were created. 
 
C.2 Created Backrest Designs 
Autodesk Fusion 360 and PTC Creo were used to design a new model of the backrest. Figure 24 
illustrates the two alternative designs equipped with the sliding feature. Out of the two alternatives, the 
second design was considered for further evaluation. 
 
Figure 24: Two design alternatives for the new backrest design along with the adjustability concept of slicing the 
backrest into two parts 
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The figure 24 shows an example of the sliding adjustment feature for the second design alternative. A 
perspective view of the sliding motion can be seen in the figure as the sliding part is adjusted for a smaller 
operator (Figure 24a), and for a larger operator (Figure 24b). 
               
(a) 5th Percentile Adjustment              (b) 95th Percentile Adjustment 
Figure 25: Depiction of adjustability in the selected new design (Reach3) for short operators (5th percentile) and 
large operators (95th percentile) 
 
C.3 Laboratory Evaluation of New Design 
The Table below displays the results of statistical analysis using the software JMP (Table 6) and the 
significant values have been highlighted in bold. The responses Mean velocity (MV), maximum deviation 
in Center of Pressure (COPDV), Total distance (TD) of marker travel and comfort rating (CR) show 
significant effects. Main effect of backrest was significant for MV (< 0.01) and total distance (< 0.05) 
responses. The MV for the new backrest design was ~ 10% higher than that of the original design. Two 
factor interaction effect of category and backrest was observed to be significant for TD (< 0.05) and CR (< 
0.01). Among all the categories of participants, only the 5th percentile female showed a significant 
difference between the new backrest and the original design for the TD with the new design showing about 
97% greater value than the original design. On the other hand, the highest comfort rating was obtained for 
the new backrest design with a value of 9.6 by the 50th percentile male category. However, the lowest rating 
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of 5 was also obtained for the new design by the 95th percentile male category, as seen in table 9. Two factor 
interaction effect of category and condition was significant for COPDV (< 0.05). While the 5th percentile 
female category showed about 50% higher value of COPDV for the original design, the 50th percentile 
female category exhibited 60% higher value for the new backrest design (Figure 27). For the interaction 
effect of backrest and condition, the responses COPDV (< 0.05) and TD ( 0.05) were observed as 
significant. A reduction in the TD and the COPDV by 300 and 6 mm, respectively, for the new design was 
observed at the end of the trial as observed in figure 26 and 27. 
 
Table 6: p-values for the main effects and two factor interactions on the responses of Mean Velocity (MV), Max 
COP Deviation (COPDV), Total Distance (TD), Max Range (R), Max Range -Log Transform (logR), Comfort 
Rating (CR) and Comfort Rating -2nd Power Transform (sqrCR) using the factors Category (CT), Backrest (B) and 
Condition (CD) 
  MV COPDV TD R logR CR sqrCR 
CT 0.0643 0.1726 0.4423 0.1252 0.6173 0.1213 0.1211 
B 0.001 0.8565 0.0252 0.2528 0.5787 0.8312 0.7923 
CT*B 0.0703 0.3757 0.014 0.3019 0.342 0.0048 0.0021 
CD 0.3138 0.1794 0.3341 0.1039 0.0381 0.2937 0.2979 
CT*CD 0.821 0.0424 0.6171 0.2259 0.3569 0.9158 0.9376 
B*CD 0.5063 0.0109 0.0575 0.9648 0.4755 0.1875 0.1703 
CT*B*CD 0.7227 0.5481 0.5079 0.7776 0.625 0.9251 0.9201 
 
 
The responses for the two backrests for the start and end conditions are displayed in the table 10 below. 
 
Table 7:Mean (S.D) for Mean Velocity (MV), Max COP Deviation (COPDV), Total Distance (TD), Max Range (R), 
Max Range -Log Transform (logR), Comfort Rating (CR) and Comfort Rating -2nd Power Transform (sqrCR) 
 
  Reach-2 at Start Reach-2 at End Reach-3 at Start Reach-3 at End 
MV 32.3 (8.5) 33.7 (8.7) 36.1 (13.0) 36.4 (11.7) 
COPDV 41.9 (29.1) 62.2 (27.8) 56.4 (23.9) 49.5 (30.0) 
TD 1110.3 (655.2) 1189.1 (459.3) 1569.0 (732.7) 1259.7 (655.2) 
R 40.8 (30.4) 62.8 (39.5) 53.7 (35.4) 65.1 (41.5) 
logR 1.5 (0.3) 1.7 (0.2) 1.6 (0.3) 1.7 (0.3) 
CR 7.2 (1.6) 6.5 (1.6) 6.8 (2.1) 6.8 (2.2) 
sqrCR 55.0 (25.5) 45.3 (22.7) 50.6 (30.1) 51.9 (29.9) 
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Throughout the laboratory evaluation, subjective feedback was received from the participants. The table 8 
below shows the common comments from the participants regarding the design features while Table 9 
shows the comfort ratings given by each category of the participant for the new and the original backrest. 
Corresponding column denotes the number of participants that stated the comment among a total of 12 
participants. 
Table 8: Subjective Feedback on Backrest Designs during Laboratory Evaluation 
Original Backrest Participant Count Total 
Participants 
Does not have enough big surface on 
back 
12 12 
Top edge is hard/poking while leaning 
back and looking up 
10 
 
Backrest is well contoured 1 
 
Sides are restricting 2 
 
Backrest needs a better curvature on 
the low back region 
2 
 
   
New Backrest Design Participant Count Total 
Participants 
Likes extended back support 9 12 
Wants more side portion 3 
Backrest is not symmetrical 6 
Mid-top surface is hard and 
uncomfortable / curved too much 
5 
Wants to move backrest forward 2 
Left side of participant uncomfortable 4 
Wants more material on lower back 4 
 
Table 9: Comparison of comfort ratings for the original and new backrest designs by the categories of participants 
 
Category  Comfort Rating 
Reach 2 Reach3 
5th percentile Female 5.6 5 
5th percentile male 6 5 
50th percentile female 8 7.8 
50th percentile male 8.3 9.6 
95th percentile female 6.25 8.5 
95th percentile male 7.1 5 
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Mean deviation in the Center of Pressure can be seen in the graph below with respect to the start and end 
conditions for both the backrests (figure 26). A significant effect was seen for the Reach2 backrest between 
the start and end conditions. For the Reach3 backrest, the mean deviation for the Center of Pressure for the 
end condition was less than that for the start condition. However, the effect was not significant. Further, the 
start and end conditions can be viewed in terms of categories of participants in the subsequent graph (figure 
27). The 5th and 50th percentile female groups displayed a significant difference between the start and the 
end conditions. 
 
Figure 26: Graph depicting Mean deviation of Center of Pressure (COPDV) for each of the backrest designs during 
the start and end conditions 
 
 
Figure 27: Graph depicting mean deviation of Center of Pressure (COPDV) for each category during the start and 
end conditions. (the star symbol denotes values that are significantly different) 
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For the total distance of marker travel, graph seen in figure 28 shows the variation of the values with the 
condition for each of the backrests. Reach3 backrest shows a significant reduction in the movement of the 
participant of about 20% at the end of the trial. On the other hand Reach2 backrest shows an increase of 
about 7% in the movement of the participant from the start condition.The following figure depicts the graph 
of the total distance of marker travel with the backrest deisgn for each anthropometric category of the 
participant (figure 29). The 5th percentile female category showed a significant difference between the two 
backrests with Reach3 having the highest value of the total travel distance of 2300 mm during the trial and 
almost half of this movement was obtained for the Reach2 backrest. 
 
 
Figure 28: Graph depicting the variation in Total Distance for each backrest design during the start and end 
conditions. ( * Denotes significant difference) 
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Figure 29: Graph depicting the variation of total distance (TD) for the two backrest designs (B) for each category. ( 
* Denotes statistical significance) 
 
C.4 Field Evaluation of New Design 
The field evaluation included subjective assessment of the backrest designs. The evaluations were 
categorized into static, in which the participants leaned or sat against a backrest of a stationary forklift and 
driving, in which the participants provided subjective feedback on the design after driving the forklift while 
leaning or sitting on the backrest design. The comfort ratings for the evaluation are listed below (Table 10) 
while the comments from the participants for each of the backrest designs are listed in the following table 
(Table 11). Considering both sitting and standing postures, the original backrest design (Reach2 /SSR) 
showed a mean comfort score of 5.5 for static task and 6.5 for driving task. On the other hand, the new 
design of backrest (Proto-2) exhibited a mean comfort score of 6.1 for static task and 8 for driving task. 
This shows that the proto-2 model of new design performed 9.8% better than the new design for the static 
task and was 23% better than the original design for the driving task. 
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Table 10:  Scores for field evaluation of the backrests for Static (6 levels) and Driving (2 levels) tasks based on 
posture, type of backrest and type of evaluation (F: female, M: male). 
        Static  Driving 
    1 2 3 4 6 3 5 
Sr. 
No. 
Posture 
Type of 
Backrest 
 Type of 
Evaluation 
5% 
M 
5% 
F 
5% 
M 
50% 
M 
5% 
M  
5% 
M 
5% 
M 
1 Standing 
SSR 
Backrest 
Comfort 
6.5 8 8 7 7 6 7 
2 Standing 
New 
Design 
7.5 8 3 9 8 6 7 
3 Sitting 
SSR 
Backrest 
4 8 7 6.5 7 8 7 
4 Sitting 
New 
Design 
5.5 8 8 8.5 8 5 7 
5 Standing 
SSR 
Backrest 
Assistive 
Capabilities 
 - -   -  -  - 6 6 
6 Standing 
New 
Design 
-  -  -  -   - 9 9 
7 Sitting 
SSR 
Backrest 
 -  -  -  - -  7 7 
8 Sitting 
New 
Design 
 - -  -  -  -  8 6 
 
Table 11: Subjective feedback on backrest designs during the field evaluation 
 
Original Backrest (Reach-2) New Backrest Design (Reach-3) 
Backrest should allow movement but needs to provide support 
from all sides, which is not there. 
New hook is better. 
Not enough space on the inside to move in the backrest 
(dashboard side). 
Easier to look at dashboard side / right, 
harder to look on left side. 
Need cushioning on both sides on lower back. Pocket for folding of seat should be filled. 
Combination of backrest and seat is not comfortable Nothing poking on slicing plane edge. 
Edge of pocket for folding seat is poking on back. 
Lower back is not supported. (5th percentile 
female) 
Would like backrest taller. Should be pushed back. 
Movement is helpful while leaning on backrest. Less space in sitting position. 
Backrest is bigger. Good lumbar support (50th percentile) 
More lumbar support needed. Hook needs to be bigger and longer. 
Uncomfortable because hips are locked in sitting position. Upper body moves more than hips. 
Feels tighter while sitting because of the pocket. Pocket is uncomfortable while standing. 
Needs cushion on lower left back of participant. Edge of slicing plane is poking on back. 
Edge on right side of participant. Could be a softer contour. Part above the hook is uncomfortable. 
Inclination should not be there. Extra support present for lower back. 
Tighter backrest is needed while driving. Unintentional 
movement. Too much room for movement. 
Less unintentional movement. 
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D. Discussion 
D.1 Laboratory Evaluation 
D.1.1 Mean Velocity of Center of Pressure (COP) 
The new design, Reach-3 showed a 10% higher mean velocity than the original design (Table 7). 
This shows that more movement of the person was seen on the new design compared to the original design. 
A higher mean velocity would mean that the frequency of movement was higher while the person was 
leaning on the new design or it can be said that a greater number of movements occurred while the person 
leant on the new design as compared to the original design. Knowing the assumption about the relation of 
discomfort and movement, it can be said that the number of instances at which the person felt discomfort 
were higher for the new design. Similar assumption in existing literature about seating considers overly 
frequent movements can be an indication of discomfort and instability (Zemp, Fliesser, Wippert, Taylor, & 
Lorenzetti, 2016). Although the values were not significant, both the backrests showed an increase in mean 
velocity of the COP participant at the end of the trial with original backrest showing 1.4 mm/sec (4.3%) 
increase and the new backrest showing only 0.3 mm/sec (0.8%) increase (Table 7). This could mean that 
the new backrest provides less variation in comfort with duration of leaning in the backrest. 
Considering both designs, the 95th percentile male category showed the least mean velocity while 
the 5th percentile female category showed the highest mean velocity and the difference was significant from 
differences in means by Student’s t. The mean velocity for the new design for 95th percentile male category 
was lower for the new design than the original design. This could mean that the new design of the backrest 
was more comfortable for the largest people (95th percentile male) than the original design and the 
adjustment for the large people works with the intended goal. For the 5th percentile female category, the 
adjustment could be further improved to make the effect significant. However, a common trend between 
both backrests was observed which showed that the mean velocities decreased as the size of the person 
increased. This could mean that the individuals belonging to the smallest category were experiencing more 
discomfort as compared to the largest category. This could be true in general since larger people exhibit a 
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higher percentage of body fat which acts as cushioning which reduce the effect of hard edges on the design 
(Atlas Ergonomics, 2007). This is not the case with smaller and lighter people with slimmer bodies who 
experience the direct impact of design features on their muscles and bones. A potential solution and future 
development opportunity for this could be to make the cushioning of the backrest adjustable. This could be 
in the form of bellows or bladders that can provide variation in cushioning materials. One example of this 
adjustable cushioning could be the provision of more cushioning for the slim and short people while lesser 
cushioning for the large people to account for the body fat variability. Another explanation for this could 
be that bigger individuals in general show more stability as compared to those with lighter and slimmer 
bodies and this phenomenon could also be true while leaning on the backrests (Mansfield & Inness, 2015; 
Seimetz et al., 2012). 
 
D.1.2 Max COP Deviation 
The maximum deviation of COP showed a significant variation of the category of person leaning on the 
backrest and the backrest with the time at which the backrests were evaluated (Table 1). Generally speaking, 
and considering both backrests, females showed the highest (85 mm by 5th percentile females) and the 
lowest values (16 mm by 95th percentile females) of COP Deviation during both start and end of the 
experiment (Figure 27). This could be because of the anthropometric differences between the females and 
the males which show that the ratios of hip to width are higher for females in general than males (Fryar et 
al., 2016). The shortest females (5th percentile) showed a significantly higher value of deviations in COP 
than the largest females (95th percentiles). Further, larger people showed less values of COP deviation than 
the smaller people (considering both the males and females). This is consistent with the results obtained 
from the mean velocities in the previous section (Section D.1.1). Overall, for each percentile and gender 
category, the deviation of COP at the end of the trial was higher than that at the start of the trial which can 
be viewed in figure 27. While the mean velocity denotes the amount of movement, the deviation could be 
an indication of the extent of the movement. Thus, if higher value of mean velocity denotes larger number 
of discomfort situations, a higher value of maximum COP deviation denotes a greater discomfort situation. 
50 
 
Although natural movements are desirable and necessary to mitigate the pressures on the intervertebral 
discs of the human spine, large movements could be an indication of discomfort situations (Fasulo, Naddeo, 
& Cappetti, 2019; Zemp et al., 2016). Hence, a backrest with larger deviation in COP could denote a 
discomfort condition with a larger magnitude. 
For the backrests, the highest COP deviation was observed for the original backrest (Reach-2) for 
the end condition while the least COP deviation was obtained for the start condition for the same backrest 
(Table 7). This could mean that there could be an improvement opportunity in the original design in terms 
of using the backrest for long periods of time. On the contrary, for the new design (Reach-3) shows no 
significant difference between the start and end conditions which could mean that the movement of the 
participant did not change after leaning on the backrest for the duration of the trial. Although the difference 
was not significant, the mean value for maximum COP deviation at the end condition was less than the 
mean value at the start condition for the new design (Reach-3). Thus, the new design could be a better 
design in terms of maintaining the comfort level while leaning on the backrest. 
The results indicate that about 60 mm of maximum deviation in COP was observed at an average 
for the new design at the start of the trials (Table 7). This could mean that a movement of 60 mm was 
permitted by the new design. A potential improvement in the new design could be to increase the material 
on each of the sides of the bottom region of the backrest by 30 mm. Addition of this extra material could 
encompass the person in a better way and reduce the sideways deviation in the COP. However, further 
investigation in the effect of change in backrest contours on each anthropometric category may be 
necessary. 
 
D.1.3 Total Distance 
The total distance of travel of the marker denotes the overall movement during the data collection 
session and a higher value indicates a larger movement. A similar marker based system was used in a 
research study about workstation types, which considered postural shifts as a metric instead of marker 
movement (Le & Marras, 2016). While postural shift provides a good metric for comparison between 
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standing, leaning and sitting postures, it can be hard to differentiate between different backrests using the 
same type of posture, i.e. leaning. Moreover, using the marker travel distance provides a more accurate 
measure. The main effect of backrest and two factor interaction of backrest and category showed 
significance through statistical analysis (Table 6). As seen in the results in section C.3, the new backrest 
design (Reach-3) displays a higher movement (97% larger) than the original design (Reach-2). Thus, there 
was more movement of the torso of the individual throughout the experiment for the new design as 
compared to the original design. This is consistent with the results obtained from the force plates for mean 
velocity (Section D.1.3). More movement occurred while the person was leaning on the new design (Reach-
3) which could mean that the participants leaning on the new design experienced more discomfort situations 
than the original design. 
Further, looking at the two-factor interaction between backrest and category in figure 29, the 5th 
percentile females showed the highest value for total distance travelled by marker when leaning on the new 
design of backrest (Reach-3) while the least value was showed by the 50th percentile males group for the 
original design of backrest (Reach-2). The interaction for backrest and category confirms that as the size of 
the participant increases (from 5th percentile to 95th percentile), the total distance travelled by the marker 
decreases which shows less movement and more stability as the size of the participant increases while 
leaning on both the backrests. The shortest people (5th percentile females) showed a significantly higher 
marker travel distance for the new design than original design which shows that the original backrest is 
better suited for the shortest people than the new design, assuming more movement denotes more 
discomfort (figure 29). Except for the 5th percentile females’ group, all the other categories showed no 
significant difference between the total distance travelled between the two backrest designs. Thus, the new 
design could be further modified to better accommodate the small people. Smaller people in general possess 
small hip and waist width dimensions. A large difference between these dimensions and the available room 
for movement on the surface of backrest provides the person more opportunities to get comfortable. While 
this could actually be helpful in providing comfortable leaning by changing postures, too much room could 
cause instability to the person (Underwood & Sims, 2019; Zemp et al., 2016). Regarding the backrest 
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design, the angle of the slicing plane and the location of the plane determines the room of movement 
available to the person leaning on the backrest. Thus, the new design could be modified by shifting the 
plane further and adjusting the backrest contours to provide symmetrical back profile for the short people 
(discussed further in detail in section D.4).  
 
D.1.4 Max Range 
The maximum range of marker denotes the maximum distance between the closest and farthest point among 
the x, y or z axes. The maximum range did not show any significant difference in any of the factors meaning 
that the movement deviation of torso was about the same in all participant groups for both factors and 
during both conditions of start and end (Table 6). However, after taking logarithmic transformation, a 
significant difference was observed in the condition factor which displays a significantly higher value of 
maximum range of marker points at the end of the trial than at the start of the trial. This shows that the 
movement distance was more towards the end of the trial than at the start of the trial. This could be because 
the people felt more discomfort after leaning on the backrest for 30 minutes than at the start of the trial. 
This is consistent with the results for the Maximum COP deviation which also shows a more deviation at 
the end of the trial as compared to the start of the trial. However, because a logarithmic transformation had 
to be applied on the maximum range to view the change, it can be said that maximum deviation was a better 
metric to observe a significant effect. This is contrary to earlier belief that marker movement could be a 
better metric to observe the effect due to leakage of force through the structure.  
 
D.1.5 Comfort Ratings 
The comfort ratings were obtained from the participants as a part of the subjective evaluation. To meet the 
assumptions of statistical analysis, power transformation was conducted on the obtained data by squaring 
the datapoints. A significant difference was observed in the two-factor interaction of backrest and category. 
The results indicate that the highest as well as the lowest comfort ratings were given to the new design 
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(Reach-3) and the difference between the values was significant. Moreover, high ratings were given by the 
individuals belonging to the small, medium and large category (5th percentile males, 50th percentile males 
and females, 95th percentile females) to the new design. However, this did not include extremities of the 
population which are the smallest and the largest percentiles (5th percentile females and 95th percentile 
males). This shows that although the new backrest showed comfort levels to a wide range of population, 
the backrest features could be further modified to include the extreme population categories.  
 
D.1.6 Subjective Evaluation 
Subjective questionnaire was used to evaluate the comfort of the participants. The results show that 11 out 
of 12 people said that they were comfortable while leaning on the backrest at the start of the experiment 
which decreased to 9 at the end of the trial and was the same for both backrests. Moreover, a greater number 
of people reported to be able to have free movement of upper torso on the new design than the original 
design. Similarly, when the participants were asked to simulate the movement like a forklift operator by 
looking towards sides and upwards, all the participants reported comfortable operation for the new design 
while four of the participants stated that comfort levels decreased when leaned against the original design. 
This shows that the new design offers a better comfort level when such movements are considered. A 
general comment from the participants included that the stress on the feet of the participants increased 
during the trial and discomfort in lower limbs and thighs was felt towards the end of each trial. This 
comment was reported by 8 out of 12 participants. Feedback related to the design features of each of the 
backrests was obtained using the questionnaire and below sections describe the compiled comments from 
the participants. 
 
D.1.6.1 Reach-2 Backrest 
Regarding the original backrest, the participants reported that the design contains a hard edge on the top of 
the backrest. For this design, 10 out of 12 participants stated that the edge caused discomfort especially 
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when the participant leaned backwards on the backrest. Further, all the participants stated that the backrest 
does not have a large enough area to support the back and that the backrest supports only a small portion 
of the back. This was especially observed to be true for large participants belonging to the 95th percentile 
category. Among the other common comments obtained from the participants showed that the side region 
of the backrest, particularly the hook was restricting the movement. This showed that the hook designed 
for the original backrest was operating with the intended purpose. Moreover, two participants both 
belonging to the smallest category (5th Percentile female) stated that the backrest could be more comfortable 
if a better curvature is added to the design on the low back region. 
 
D.1.6.2 Reach-3 Backrest 
For the new design, 9 out of 12 participants reported that they liked the extended back which covered more 
region on the back. Further the participants stated that there were no protruding areas on the top surface of 
the backrest because of the curvature and the backrest allowed movement of the torso without any 
discomfort areas. The participants also added that there was no hard edge on the top surface of the backrest. 
The smaller participants were comfortable while leaning on the backrest and the body was accommodated 
within the backrest surface even after the adjustable part of the new design was moved completely 
backwards. However, 6 participants commented that the backrest was not symmetrical. This statement was 
expected since the new design was designed in the specific manner and due to asymmetry in the design, the 
participants may have experienced the lack of enough support on one side of the back. Further the 
participants added that more material was needed on the left side of the back of participant and the region 
was hollow which may have caused the discomfort on the back of the participants. 5 of the participants also 
stated that the mid-top surface of the backrest is uncomfortable, and the curvature of the backrest forces the 
back in a particular manner. The smaller and medium sized participants suggested that the side support was 
not adequate like the original design but for the larger participants the curvature of the side surfaces was 
comfortable. 
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D.2 Field Evaluation: 
Field evaluation was conducted using actual forklift trucks by mounting a prototype of the new design upon 
the original backrest. The new design was adjusted before 3D printing the prototype and was prepared 
specifically for evaluating the small people. While the results in both static and driving tasks indicate that 
the new design provided as much comfort as the original design, the feedback from the participants 
indicated due to the adjustment for small people, the new design encompassed the user of the backrest in a 
better manner while also allowing movement of the torso. A big differences between the field evaluation 
and laboratory evaluation was that the forklift truck included a dashboard and due to the cabin structure, 
the inward adjustment encompassed the small sized person in a better way. This could be because of the 
combined effect of reduction in area of back resting as well as the connection of backrest with the dashboard 
which offered a smoother transition for the participant. Another point to be noted is that the prototype 
included in the field evaluation did not include a cushioning material and may have caused the reduced 
comfort in some cases. However, a foam was purposely not installed on the prototype model since the 
researchers were interested in observing and understanding the effect of backrest contours and addition of 
foam would have reduced the effect of the back contours. Further, the field evaluation consisted of both 
sitting and leaning postures. However, for the sitting postures, the sitting area was observed to be reduced 
because the prototype was installed as an add-on to the original design and may be the cause for the reduced 
comfort ratings given by the participants in sitting postures. This was expected. However, the researchers’ 
earlier thinking that the reduced sitting area for the small sized people would be satisfactory was not true. 
The evaluation showed specific areas and features of the new design that could be modified further to 
improve the design which included the hook features, upward-curvature of the backrest and the below-
shoulder resting area on the backrest surface. 
 
D.3 Limitations 
While the research study demonstrated a new methodology for the development and assessment of an 
ergonomic seating product, the study was subject to a few limitations due to constraints on resources. The 
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study showed the development of the new design based on two original designs, the Reach-1 and Reach-2 
backrests. For the study, it was decided that selection of the bigger backrest would be a better starting point 
for concept generation, which is the reason behind the comparisons of the new design with the Reach-2 
backrest to understand the amount of deviation in terms of comfort from the product that is more 
comfortable for the large sized population. However, another aspect to understanding this comfort deviation 
would be to compare the new design with the Reach-1 backrest, which was not conducted in the study. 
Further, while designing, the new design was created by using the contour plane of the Reach-2 backrest 
and was modified to be similar to the Reach-1 backrest. Thus, it could be possible that a higher effect of 
greater significance could be seen when the new design is compared with the Reach-1 backrest.  
 During the laboratory evaluation, the simulated structure of the forklift built in the laboratory lacked 
a continuous adjustment and provided adjustment in certain steps. Such adjustment especially in terms of 
the height and the adjustment mechanism of the new design could have a significant impact on the comfort 
levels. The new design proposed a contour shaped considering the lordotic curve of the lumbar region of 
the human spine. However, due to the stepped-adjustment of the structure the curvature of the backrest 
could have decreased the comfort instead of increasing it, if the curvature was not able to fit in the right 
area while the person was leaning on the backrest. Moreover, the adjustment mechanism for the new design 
offered only three different adjustments for the percentiles of the human population (5th, 50th and 95th). 
However, this adjustment could be made continuous using linear slides with locking mechanisms. Further, 
differences in the actual forklift cabin and the simulated structure relating to the interior environment of the 
cabin (For example, the dashboard) could have a significant impact on the comfort levels. During the 
laboratory evaluation, the participants were instructed to lean on the backrest with their hands in the 
participant’s preferred comfort position. However, on actual forklifts, the dashboards allow the person to 
lean and rest their arms on the dashboard, which is also connected to the backrest through an ergonomically 
designed contour. During the field evaluation, it was observed that when the new design was adjusted for 
the small-sized people, the moving part of the backrest would match with the contour of the dashboard, 
thereby providing a streamlined contour on the back of the person using the backrest. This was however, 
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not the case with the simulated structure, which displayed an open area on both sides of the backrest. There 
could be an effect of these parameters upon the comfort levels of the backrest and these parameters need to 
be investigated further by improving the structure for laboratory evaluations. 
 While the new backrest design displayed a novel concept of splitting the backrest into two parts to 
incorporate the features of two different backrests, a specific angle was selected (40 degrees) between the 
moving and stationary parts of the backrest. However, in the laboratory evaluations, it was found that the 
shortest female category exhibited smaller waist sizes than the researcher expected, which could be the 
reason for the reduced comfort and increased movement. Since the angle and the position of the splitting 
plane will impact the area of the backrest in contact with the shortest and smallest people, the two 
parameters of angle and location of the splitting plane could be varied to observe the effect on the 5th 
percentile participants. 
 A passive motion-capture system was used to capture the movement of the participant and relate to 
comfort. In this study, only one marker was used to capture the movement of the person. However, by using 
multiple markers and creating segments, a more robust motion analysis could be performed by extracting 
features such as angle of rotation of torso, bending instances of torso, shoulder movement, etc. Such features 
could further assist in the development of an improved model for relating movement of the person to 
perceived discomfort. Moreover, the subjective questionnaire developed for the study consisted of rating 
scores out of 10. It was observed that participants selected the comfort rating based upon their personal 
experience on leaning upon backrests. However, if the comfort rating scale was subdivided into multiple 
categories with comfort rating for specific features of the backrest, the subjective evaluation could provide 
better results. This will ultimately assist in improving the design with the help of the insights gained from 
the study. 
 
D.4 Final Design Recommendation 
 Based upon the insights gained from the various evaluations, the new design of the backrest (Reach-
3) could be further improved. The new design was created by extracting the surfaces from the Reach-2 
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design. Next, design features similar to Reach-1 design were added and then adjustability concept was 
applied. However, it can be observed that the new design (Reach-3) also requires further modifications to 
suit the design to the large variation in human population. Figure (Figure 30) below shows the modified 
Reach-3 design named as Reach-4, mounted in the CAD model of the Cabin structure and the armrest of 
the dashboard. 
 
Figure 30: Reach-4 Backrest Design mounted in the cabin along with the dashboard armrest 
 
The key observations about the new design (Reach-4) from the study includes the extended support, 
the hook and the curvature of the vertical profile. According to the comments of the participants, the 
extended support improved the comfort. However, the curvature of the support forced the back in a certain 
way causing discomfort to the participant. Further, it was noticed that the backrest contours were designed 
to be symmetrical across the vertical axis. However, the symmetry varied with the adjustability of the 
backrest and the backrest was symmetrical only for the largest category. This could be because the backrest 
was designed and sliced in order to achieve the backrest contours of the Reach-1 backrest. However, due 
to this adjustment of contours the participants were forced on one side of the backrest which was especially 
true for the short and small participants.  
Further, during the field evaluation it was observed that the horizontal contours on the top surface 
caused discomfort for the mid-sized participants. The contour on the top-left side of the back of the 
participant was curved because the profiles extracted from the Reach-2 backrest were extended to the top 
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part without changing the contour. This caused a protrusion for participants with mid-sized torso. Therefore, 
the Reach-3 design was modified to obtain a funnel-shaped resting surface with flat shape on the top region 
which reduced towards the bottom (Figure 31). The bottom surface contours of the backrest were retained 
as that of the Reach-2 backrest. Further, a pocket was created using the foldable seat of the original Reach-
2 design (Figure 32). It was observed that the pocket was extended more than the requirement to assist in 
folding and pulling down the seat from the backrest pocket. However, this decreased the back-resting area 
on the backrest of Reach-2. Further, the Reach-2 backrest contained a hard edge on the top which caused 
discomfort with torso rotation. Therefore, in the final design, the pocket was created without the reduction 
of the area for pulling down the seat. Instead, a suggestion could be to provide an external handle attached 
to the seat for pulling down and pushing up the seat into the backrest, located at the axis of rotation of the 
seat. 
 
Figure 31: Funnel Shaped flat surface (highlighted in blue) of Reach-4 backrest (with folded seat) compared with the 
flat surfaces of Reach-3 design 
 
 The oblique sliding angle of adjustment was selected as 40-degrees based on the difference 
between the breadth of the two backrests. However, it was observed that obtaining the contours of 
the Reach-2 backrest in the Reach-3 backrest by adjustment caused forced unintentional leaning 
of the participant on one side of the backrest. Therefore, the contours on the sides were adjusted 
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to reduce the movement of the participant. Due to this, the angle of the sides of the backrest was 
increased from 50 degrees to 57 degrees. Further, to facilitate the adjustment, the oblique sliding 
angle of adjustment was modified to 33 degrees (90 degrees – 57 degrees). This angle was selected 
considering the folded seat, which can now be translated forward along with the moving part 
without causing interference with the dashboard surfaces. With the earlier angles, the folded seat 
support would not have been available in the shortest operator adjustment. 
 
(a) 
 
 
(b)                                                (c) 
 
Figure 32: Reach-4 backrest (a) adjusted for largest category, (b) pulled-down seat, (c) folded seat 
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 Regarding the supporting hook, the angled hook in the Reach-3 design was more comfortable to 
the participants in the study. However, participants reported to prefer more support on the side like the hook 
of the Reach-2 design. Therefore, the hook of the Reach-3 design was extended forward further to match 
the Reach-3 design, when mounted in the cabin of the forklift CAD model. Finally, adjustments were made 
to the design to match the ergonomic features of the cabin, like the armrest. The fixed-side portion of the 
backrest was modified to match the contours of the armrest to have a smooth and comfortable transition for 
resting the arm. Figure below shows the profile of a part of the backrest matching that of the dashboard 
armrest (Figure 33). 
 
Figure 33: Matching backrest surface with that of dashboard armrest 
 
D.4.1 Future research opportunities 
 The Reach-4 backrest was designed to accommodate the folding seat. However, after pulling the 
backrest forward, the seat must also be pulled forward in order to accommodate the sitting position along 
with the leaning position. The below figure shows the backrest adjusted for short operators for leaning 
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posture with pulled-up seat (Figure 34). However, for this adjustment the entire mechanism connected to 
the seat has to be adjusted forward and sideways, for which a mechanism needs to be designed.  
                 
Figure 34: Reach-4 Backrest adjusted for short operators with folded seat 
 
The laboratory experimentation provided an objective assessment for the evaluation of backrest comfort. 
However, the structure built for the study did not consider the actual setup of the forklift cabin, which could 
further affect the comfort levels. Moreover, the study did not consider the folded seat support for the 
backrest. This was done to better understand the effect of the backrest contours. However, comfort 
variations could be have been observed due to the lack of hip support, which can be provided with the help 
of the folded seat. Thus, the next phase of the research could include an objective assessment including the 
folded seat. The Reach-4 design could be compared with the original designs to assess the performance of 
the new design.  
  While performing the experimentation, it was observed that people with larger hip and waist 
widths tend to contain more body fat than those with slimmer waist and hip widths which could affect the 
perceived comfort. Thus, operators with less body fat may experience the hardness of the backrest 
differently than those with greater body fat. An interesting idea would be understand the effect of backrest 
padding characteristics (for example: stiffness, foam density, thickness, etc.) since it could be one of the 
key parameters affecting the comfort of the participants. 
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This study explored the concept of split backrest to obtain the features of multiple backrest designs 
by using a linear sliding adjustment. While this adjustment achieved the objective of obtaining the backrest 
contours of both the backrests, there could be multiple options which can be further explored to design an 
hybrid backrest. One examples of such adjustment could be a rotary pivot to one part of the backrest to vary 
the contours of the backrest. However, such adjustments require further research towards the assessment of 
the product. This study considered the use of a motion capture and dynamometric system to understand the 
discomfort. Currently, there is no established scale to distinguish casual movement of the person from the 
movement caused by discomfort, even for normal seating (Zemp et al., 2016). Therefore, another approach 
could be the use of Electromyography to study the effect of the design on the muscles of the users and 
consider measures like muscle activity and fatigue to quantify discomfort. Along with electromyography, 
an important tool to study the comfort rating of seat designs is the pressure mapping, which could provide 
detailed analysis of the backrest design surfaces. Further, this research was focused more on the backrest 
design and development as compared to the human operators. Therefore, the study considered fixed 
stationary leaning postures for the objective assessment. However, in actual environment the forklift 
operators show movements which could vary the comfort ratings. Studying these movements using portable 
IMU (Inertial Measurement Unit)-based motion capture tools could provide a postural analysis of drivers 
belonging to different anthropometric categories. Further, using this data an objective analysis could be 
performed to assess the effect of human anthropometric variation on the backrest dimensioning. 
Considering the cabin of the forklift, the effect of adjustability for the operators can be observed by studying 
the joint angles of the limbs while the forklift is being operated, which can provide further insights upon 
the benefits of such adjustability for different anthropometric categories of operators. 
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E. Conclusion 
 
This research study presents a new type of adjustability concept for forklift backrests aimed at 
providing comfort for a wide range of anthropometric variation in the human population. Adjustability 
along an oblique plane is used for the dimensional variation in the back-resting surfaces of the backrest 
while preserving the contours in each stage of the adjustment. The development process follows an iterative 
loop of design and evaluation with feedback incorporated into the design in each stage. The preliminary 
results associated with the subjective evaluation of the new concept using a prototype model of the original 
backrest (Proto-1) indicated that the backrest with adjustability is more comfortable for users. Using the 
same concept, complete solid models of the backrest were developed. Incorporating the features of two 
different backrests along with the adjustability concept into the model led to the new backrest design. To 
further quantify the efficacy of the design, laboratory experimentation was conducted. From the laboratory 
experimentation, it was observed that the developed new design offered benefits in some aspects (e.g., 
sufficient extended support for the back) while it lacked in certain design features (e.g., hook support was 
not enough). Although the new design showed a higher number of discomfort instances, the magnitude of 
discomfort was lower in the new design as compared with the original design. Further, for both backrests, 
the level of discomfort increased with time. However, for the original backrest, a significant increase of 
47% was observed in the maximum deviation of Center of Pressure at the end condition which was not the 
case for the new design. Moreover, a reduction of 19% was observed in the total marker travel distance for 
the new design at the end condition compared to the start condition. This was also supported by the 
subjective evaluation results which indicated 10% decrease in comfort score for original backrest. On the 
other hand, comfort ratings remained about the same at the end condition as that of the start for the new 
design. This showed that the new design performed better in terms of maintaining comfort levels for a 
longer period. Although the new design provides adequate comfort to the small, average and large 
populations, the design could be further modified to accommodate the extremities of the population better. 
According to the evaluation, the features of the design that proved beneficial in providing comfort to a wide 
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range of population were the extended back support, the vertical contour of the backrest and the opened 
side hooks. Moreover, the adjustment mechanism worked as intended for most of the population categories 
and shows potential for further improvement towards the smallest female operators. Meanwhile, field 
evaluations were conducted with small and medium size participants (5th and 50th percentile population) on 
actual forklift trucks by mounting a prototype of the new design. While both static and driving evaluation 
results indicated that the new design provided as much comfort as the original design, insights upon the 
design features indicated further improvement opportunities on the design. Based on the participatory 
design methodology, the design was further improved and the final design recommendation was made after 
adjusting the design for the cabin. Although the laboratory evaluation considered adjustability, the structure 
for evaluation incorporated height adjustment in steps rather than a continuous adjustment, which may have 
impacted the results. One of the key elements identified in the research was the padding on the backrest, 
and could be investigated further in the future. Moreover, our study also shed light upon improvement 
opportunities on the evaluation methods which could be of help to researchers working on similar 
assessment and development of ergonomic seating products, especially related to complex surfaces in 
contact with the human body. One of the potential future research opportunity lies in the seat attachment of 
the backrest which can be improved so that the design could adjust to the variation in the backrest 
dimensions.  
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